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Introduction 


Thermodynamics is the science of energy transfer and its effect on the physical 
properties of substances. It is based upon observations of common experience 
which have been formulated into thermodynamic laws. These laws govern the 
principles of energy conversion. The applications of the thermodynamic laws and 
principles are found in all fields of energy technology, notably in steam and 
nuclear power plants, intemal combustion engines, gas turbines, air conditioning, 
refrigeration, gas dynamics, jet propulsion, compressors, chemical process plants, 
and direct energy conversion devices. 


1.1 Macroscopic Vs Microscopic Viewpoint 


There are two points of view from which the behaviour of matter can be studied: 
the macroscopic and the microscopic. In the macroscopic approach, a certain 
quantity of matter is considered, without the events occurring at the molecular 
level being taken into account. From the microscopic point of view, matter 15 
composed of mynads of molecules. if it is a gas, each molecule at a given instant 
has а certain position, velocity, and energy, and for each molecule these change 
very frequently as a result of collisions. The behaviour of the gas is described by 
summing up the behaviour of each molecule. Such a study is made in microscopic 
or statistical thermodynamics. Macroscopic thermodynamics is only concerned 
with the effects of the action of many molecules, and these effects can be 
perceived by human senses. For example, the macroscopic quantity, pressure, is 
the average rate of change of momentum due to all the molecular collisions made 
on a unit area, The effects of pressure can be felt. The macroscopic point of view 
is not concerned with the action of individual molecules, and the force on a given 
unit area сап be measured by using, e.g., a pressure gauge. These macroscopic 
observations are completely independent of the assumptions regarding the nature 
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of matter. All the results of classical or macroscopic thermodynamics can, 
however, be derived from the microscopic and statistical study of matter. 


1.2 Thermodynamic System and Control Volume 


A thermodynamic system is defined as a quantity of matter or a region in space 
upon which attention is concentrated in the analysis of a problem. Everything 
external to the system 15 called the surroundings or the environment, The system 
is separated from the surroundings by the system boundary (Fig. 1.1). Тһе 
boundary may be either fixed or moving. A system and its surroundings together 
comprise a universe. 


-— — Boundary 
Па 
\ гу di 3 Energy ош 
La ( Syslem 
System i | 
«29 9 Na Surrcundings 
E 4 4 
Surroundings — 
Мо mass lransfer 
Fig. 1.1 A thermodynamic rystem Fig. 1.2 A closed system 


There are three classes of systems: (a) closed system, (b) open system and (c) 
isolated systern. The closed system (Fig. 1.2) 1s a system of fixed mass. There is 
no mass transfer across the system boundary. There may be energy transfer into 
or out of the system. А certain quantity of fluid in a cylinder bounded by a piston 
constitutes a closed system. The open system (Fig. 1.3) is one in which matter 
crosses the boundary of the system. There may be euergy transfer also. Most of 
the engineering devices are generally open systems, е.р., an air compressor in 
which air enters at low pressure and leaves at high pressure and there are energy 
transfers across the system boundary. The isolated system (Fig. 1.4) is one in 
which there is no interaction between the system and the surrounding. 1t is of 
fixed mass and energy, and there is no mass or energy transfer across the system 
boundary. 


Energy in г Boundary 
Y 
5 ^ = Mass ош 
ке T 
System ) 
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E ; 
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Mass in Energy ош Mo mass or energy transfer 
Fig. L3 An open rystem Fig. L4 Ан trolaied system 


If a system is defined as a certain quantity of matter, then the system contains 
the same matter and there can be no transfer of mass across its boundary. 
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However, if a system is defined as a region of space within a prescribed boundary, 
then matter can cross the system boundary. While the former is called a closed 
system, the latter is an open system. 

For thermodynamic analysis of an open system, such as an air compressor 
(Fig. 1.5), attention is focussed on a certain volume in space surrounding the 
compressor, known as the contro! volume, bounded by a surface called the 
control surface. Matter as well as energy crosses the control surface. 


Air cul 
| 
„Леа 
Work | 
| Control 
Matar | а шаа 


| 
| | Control volume 
Air in 
Fig. 1.5 Contre! volume and control surface 


A closed system is a system closed to matter flow, though its volume can 
change against a flexible boundary. When there ts matter flow, then the system is 
considered to be a volume of fixed identity, the control volume. There is thus no 
difference between an open system and a control volume. 


1.3 Thermodynamic Properties, Processes and Cycles 


Every system has certain characteristics by which its physical condition may be 
described, e.g., volume, temperature, pressure, etc. Such characteristics are called 
properties of the system. These are all macroscopic in nature. When ai] the 
properties of a system have definite values, the system 15 said to exist at a definite 
state. Properties are the coordinates to describe the state of a system. They are the 
state variables of the system. Any operation in which one or more of the properties 
of a system changes is called a change of state. The succession of states passed 
through during a change of state is called the path of the change of state. When 
the path is completely specified, the change of state is called a process, е.р., a 
constant pressure process. À thermodynamic cycle is defined as a series of state 
changes such that the final state is identical with the initial state (Fig. 1.6) 
Properties may be of two types. Intensive properties are independent of the 
mass in the system, e.g., pressure, temperature, etc. Extensive properties are 
related to mass, e.g., volume, energy, etc. If mass is increased, the values of the 
extensive properiies also increase. Specific extensive properties, i.e., extensive 
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properties per unit mass, are intensive properties, e.g., specific volume, specific 
energy, density, ete. 


2 


— r t tb A prooass 
1-2-1 А cyce 


Fig. 1.6 А process пла а сүн 


14 Homogeneous and Heterogeneous Systems 


A quantity of matter homogenecus throughom in chemical composition and 
physical structure is called а phase. Every substance сай exist in any one of the 
lhree phases, viz., solid, liquid and gas. A system consisting of a single phase is 
called а homogeneous system, while à system consisting of more than one phase 
ig known as à Aeferogeneaus кузет, 


1.5 Thermodynamic Equilibrium 


А system is said to exist in a state of thermodynamic equilibrium when no change 
in апу macroscopic propery is registered, if the system is isolated from ils 
surrcundings. 

Ап isolated system always reaches іп course of time a state of thermodynamic 
equilibrium and can never depart fram if spontaneously, 

Therefore, there can he no spontaneous change in any macroscopic property 
if the systern exists in an equilibrium state. Thermodynamics studies mainly the 
properiies of physical systems that are found іп equilibrium states. 

А system will be in a state of thermodynamic equilibrium, if ihe condittons for 
the following three types of equilibrium are satisfied: 


(a) Mechanica! equilibrium 
(b) Chemical equilibrium 
(c) Thermal equilihrium 


In the absence of any unbalanced force within the system ilself and also 
between the system and the surroundings, the system is said to be in a state of 
mechanical equilibrium. U an unbalanced force exists, either the system alone or 
both ihe system and the surroundings will undergo a change of state tll 
mechanical equilibrium is attained. 
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If there is no chemical reaction or transfer of matter from one part of the system 
to another, such as diffusion or solution, the system is said to exist іп a state of 
chemical equilibrium. 

When a system existing in mechanical and chemical equilibrium is separated 
from its surroundings by a diathermic wall (dtathermic means 'which allows heat 
to flow") and if there is no spontaneous change іп any property of the system, ihe 
system is said lo exist ina slate of thermal equilibrium. When this is not satisfied, 
the system will undergo a change of state till therma! equilibrium is restored. 

When the conditions for any one of the three types of equilibrium are not 
satisfied, a system is said 10 be in а nonequilibrium state. 1f the nonequilibrium 
ofthe state is dne to ап nnbalanced force in the intenor ofa system or between the 
system and the surrounding, the pressure varies from one рагі of the system to 
another. There is no single pressure that refers to the system as a whole. Similarly, 
if the nonequilibnum is because of the temperature of the system being different 
from that of its surroundings, there is a nonuniform temperature distribution set 
up Within the system and there ts no single temperature that stands for the system 
as a whole. It can thus be inferred that when the conditions for thermodynamic 
equilibrium are not satisfied, the states passed through by a system cannot be 
described by thermodynamic properties which represent the system as a whole. 

Thermodynamic properties are the macroscopic coordinates defined for, and 
significant to, only thermodynamic equilihrium states. Both classica! and 
Statistical thermodynamics study mainly the equiltbrium states of a system. 


16 Quasi-Static Process 


Let us consider а system of gas coolained in a cylinder (Fig. 1.7). The system 
initially is in equilibrium state, represented by the properticsp;, v;, t4. The weight 
on the piston just balances the upward force exerted by the gas. IF ithe weight is 
removed, there will be ап unbalanced force between the system and the 
surronndings, and under gas pressure, the piston will move up till it hits the stops. 


Stops 
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ЕГ = 
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Fig. 1.7 Transition between hwo equilibrium siates by an unbalanced forre 


SS Basic and Applied Thermodynamics 


consideration, and ФЕ, is the component of force normal to 54 (Fig. 1.13), the 
pressure p at a point on the wall 15 defined as 


дЕ, 


= lim 
6484" ЗА 


Р 


54 


Fig. 1.13 Definition of pressure 


The pressure p at a point in a fluid in equilibrium i5 the same in all directions. 
The unit for pressure in the SI system is the pascal (Pa), which is the force of 
one newton acting on an area of 1 т^. 


1 Ра = 1 Nim? 


The unit of pascal is very small. Very often kilo-pascai (kPa) or mega-pascal 
(MPa) is used. 

Two other units, not within the SI system of units, continue to be widely used. 
These are the bar, where 


1 bar = 10° Pa = 100 kPa = 0.1 MPa 
and the standard atmosphere, where 
1 atm = 101.325 kPa = 1.01325 bar 


Most instruments indicate pressure relative to the atmospheric pressure, 
whereas the pressure of a system is its pressure above zero, or relative to a perfect 
vacuum. The pressure relative to the atmosphere is called gauge pressure. The 
pressure relative to a perfect vacuum is called absolute pressure. 


Absolute pressure = Gauge pressure + Atmospheric pressure 


When the pressure in a system is less than atmospheric pressure, the gauge 
pressure becomes negative, but is frequently designated by a positive number and 
called vacuum. For example, 16 сіп vacuum will be 

76-16 
76 

Figure 1.14 shows a few pressure measuring devices. Figure (a) shows the 
Bourdon gauge which measures the difference between the system pressure inside 
the tube and atmospheric pressure. It relies on the deformation of a bent hollow 
tube of suitable material which, when subjected to the pressure to be measured on 
the inside (and atmospheric pressure on the outside), tends to unbend. This moves 
а pointer through a suitable gear-and-lever mechanism against а calibrated scale. 
Figure (b) shows an open U-tube indicating gauge pressure, and Fig. (c) shows an 
open U-tube indicating vacuum. Figure (d) shows a closed U-tube indicating 


x 1.013 = 0.08 bar 
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absolute pressure. If p is atmospheric pressure, this 15 a barometer. These are 
called U-tube manometers, 

If Z is the difference in the heights of the fluid columns in the two limbs of the 
U-tube [Fig. (b) and Fig.(c)], p the density of the По and я the acceleration due 
to gravity, then from the elementary principle of hydrostatics, the gauge pressure 
p, is given by 


Phair 


Evacuated 
р р 
И 1 
т I Hg 
& 1 
Hg 
(е) (4) 


Fig. 1.14  Precrure gauges 
{а} Bourdon gauge 
(b) Open U-tube indicating gauge pressure 
f) Open U-tube indicating vacuum 
(d) Closed U-tube indicating absolute prewure 
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If the fluid is mercury having p = 13,616 kg/ri?, one metre head of mercury 
column is equivalent to a pressure of 1.3366 bar, as shown below 
| m Hg = Zpg = 1 x 13616 x 9.81 
= 1.3366 x 10° N/m? 
= 1,3366 bar 


The manometer 15 a sensitive, accurate and simple device, but it 15 Hrmted to 
fairly small pressure differentials and, because of the inertia and friction of the 
liquid, is not suitahle for fIuctuating pressures, unless the rate of pressure change 
is small. A diaphragm-type pressure transducer along with a cathode my 
oscilloscope can be used to measure rapidly fluctuating pressures. 


1.10.8 Specific Volume and Density 


Volume (V) is the space occupied by a substance and is measured in п’. The 
specific volume (v} of a substance is defined as the volume per цой mass and is 
measured in m '/kg. From continuum consideration the specific volume at a point 
is dehined a5 


r= [im oY 

SFAY* Om 
where ӘУ” is the smallest volume for which the system can be considered а 
continuum. 

Density (p) is the mass рег unit volume of a substance, which has been 
discussed earlier, and is given in kg/m’. 


p= m 
0 
Іп addition to m’, another commonly used шай of volume is the litre (1). 
11 210? m 


The specific volume or density тау be given either on the basis of mass or in 
respect of mole. A mole of a substance has а mass numerically equally to the 
molecular weight of lhe substance. One g mol of oxygen has a mass of 32 g and | 
kg mol (or kmol} of nitrogen has a mass of 28 kg. The symbol? is used for molar 
specific volume (un Ла), 


1.10.4 Energy 


Energy is the capacity to exert a force through a distance, and manifests itself in 
various forms. Engineering processes involve the conversion of energy from one 
form to another, the rransfer of energy from place to place, and the storage of 
energy in various forms, utilizing à working substance. 

The unit of energy in the SI system is Nm or J (joule). The energy per unit mass 
is the specific energy, the unit of which is ЈК. 
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1.10.5 Power 


The rate of energy transfer or storage is called power. The unit of power is watt 
CW), kilowatt (KW) or megawati (MW). 
IW =1Hs= 1 Nm 
| kW = 1000 W 


1.11 History of Thermodynamics 


The latter half of the eighteenth century ushered man into the moder world of 
machinery and manufacture, and brought about cataclysmic changes in the social, 
economic and political life of the people. The historians have called it the 
Industria! Revolution. It began in England due to a fortuitous combination of 
many factors. There was bustling creative activity in science and technology 
during this period in England, with the appearance of a galaxy of some brilliant 
individuals. The invention of the steam engine gave an impetus to this activity, 
and for the first time made man free fram the forces of nature. The names of 
Savery, Newcomen and notably James Watt are associated with this invention. 
Watt brought about considerable improvement іп the performance of the stenm 
engine, which began to be widely used in coal mines, iron metallurgy and textile 
milis, George Stephenson introduced steam engine for rail transport, and Robert 
Fulton used it in steam boais. A variety of industries grew up, and man gradually 
entered intn the modern machine age. The advent of steam engine also gave 
stimulus to the birth of thermodynamics. Thermodynamics is said to be the 
"daughter" of the steam engine. 

There was once а young inventor who thought that he could produce energy out 
of nothing. “It is well known", said he, "that an electrical motor converts 
electrical energy into mechanical energy and that an electric generator converts 
mechanical energy into electrical energy. Why not then, use the motor to run the 
generator and the generator to run the motor, and create thereby ап endless supply 
of energy"? But this is never ta happen. A hypothetical device which creates 
energy from nothing is called в perpetual motion machine of the first kind, а 
PMM1. Like the proverbial touchstone which changes ali metals into gold, man 
attempted to find such а PMM | for long tong years, but it sumed out ta be a wild 
goose chase, Іп fact, the development of the principle of conservation of energy 
has been one of the most significant achievements in the evolution of physical 
science. The first recognition of this principle was made by Leibnitz in 1693, 
when һе referred to the sum of kinetic energy and poteniial energy іп а 
gravilational force field. Energy is neither created nor destroyed. Energy 
manifests in various forms and gels transformed from one form to another. 
Through penile metabolic processes, a day Iabourer gradually transforms the 
chemical energy of the 1300 he eats and the oxygen he breathes into heat, sound 
and useful work. Work was always considered a form of energy. The concept of 
heat was, however a very actively debated scientific topic. Until Ше middle of the 
nineteenth century, heat was regarded as an invisible colourtess, weightless, 
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odourless fluid that [lowed from a body of higher caloric to a body of lower 
calonc. This was known as the caloric theory of heat, first proposed in 1789 by 
Antoine Lavoisier (1743-1794), Ше father of modem chemistry. When an object 
became full of caloric, it was then said to be saturated with it. This was the origin 
of the terms “saturated liquid”, "saturated vapour" etc. that we use т 
thermodynamics today. The caloric waa said to be conserved and it was 
indestructible. The caloric theory was, however, refuted and heat was confirmed 
as a form of energy to tbe middle of the nineteenth century leading to the 
formulation of the first law of thermodynamics, The names which stand out in the 
establishment of the first law were Benjamin Thompson (1753-1814), James 
Prescott Joule (1818-1889) and Julius Robert Mayer (1814-1978), 

Benjamin Thompson, an American born ш Massachusetts, did not suppon the 
revolt against the British during the American war of independence, and in 1775 
he left for Eogland where hc took up government service. On a trip to Germany, 
he met the prince of Bavaria who о Тегей him a job. He introduced many reformas 
in the government for which the title of Count von Rumford was conferred on 
him. While boring brass cannon hole, Count Rumford noticed that there was a 
continuous heat release. How could the caloric fluid be conserved, when it was 
being produced continuously by mechanical friction? From the established 
principle of conservation of mass, a truc fluid can be neither created nor 
destroyed, so heat could not be a fluid if it could be continuously created in an 
object by mechanical friction. Rumford conceived that heat was "a kind of 
motion" and the hotness of an object was due to the vibrating motion of the 
particles іп the object. On his return to England, be became a member of ihe 
Royal Society, and Later founded the Royal Institution for the Advancement of 
Setence. Rumford marned the widow of Lavoisier and lived tn Pans for the rest 
of his eventful life. 

In the early forties of the nineteenth century, James P. Joule and Julius В. 
Mayer almost simultaneously set forth the idea that heat transfer and mechanical. 
work were simply different forms of the same quantity, which we now recognize 
as energy in transit. In some modern treatments of engineering thennodynamics, 
Joule's name alone is attached to the establishment of the equivalence of "heat" 
and “work”. The published record, however, shows that the idea of converubiluy 
of heat into work was published independently by Mayer in May, 1342 and Joule 
in August, 1843. For an important aspect in the history of the first law, is the fact 
that both Mayer and Joule had difficulry in getting their papers published and in 
being taken seriously by their established contemporaries. 

Robert Mayer was a doctor in a ship in the East [odies and from physiological 
observations, he believed in в principle of conservation of energy. He derived 
theoretically, the mechanical heat equivatent based on the calorimetric data of 
Joseph Black of Glasgow University. Mayer tried to publish his paper but 
remained unsuccessful for a long time. His despair was so great that he attempted 
suicide by jumping from a window, but he only broke his two legs. He was placed 
іп an asyium for some time. 1n later years, however, he was given some measure 
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or recognition and honoured equally with Joule т establishing the mechanical 
theory of heat 

Mayer argued that an amount of gas needs to be heated more at constant 
pressure than at constant volume, because at constant pressure it is free to dilate 
and do work against the atmosphere, which in today’s notations becomes: 


тс, AT - mc, AT= P, AV (1.2) 
Using the c, and c/c, constants that were known in his time, he estimated the 
left-hand side ofthe equation m calories, while the right-hand side was known in 


methanical units. He thus established numerically the equivalence between these 
units. If ihe relation 


Ри = ЁТ (1.3) 
is used in Eq. (1.2), Mayer's argument reduces to 
ср су = Ё (1.4) 


This classic relationship between the specific heats of an ideal gas is called 
Mayer's equation, while the ideal gas equation of state, Eq. (1.3), was first 
derived by Clapeyron [Bejan, 1988]. 

Joule was the ultimate experimentalist. His experiments seem to be the direct 
continuation of those of Rumford and the gap of some forty years between the two 
investigations appeared puzzling to some authors. Joule's first discovery from his 
measuremenis was that the flow of current in a resistance, is accompanied by the 
development of heat proportional to the resistance. He concluded that caloric was 
indeed created by the flow of current, He was firmly convinced that there existed 
some conservation law of a general nature and hence set out lo investigate 
whether the conversion of the various forms of energy is gnverned by definite 
conversion factors. He considered the conversion of chemical, electric, caloric, 
. and mechanical energy forms in all combinations. The determination of the 
mechanical eqnivalent of heat forms the central part of his experiments, the results 
of which сап be summed up in the general relation: 

W-JQ (1.5) 
where J is фе mechanical equivalent of heat. Joule’s experiments suggested that 
this relation may have universal validity with the same numerical value ої under 
all conditions. 

Joule communicated the results of hts experiments to the British Association 
for the Advancement of Science in 1843. It was received with entire incredulity 
and general silence. In 1844 a paper by Joule on ће same subject was rejected by 
the Royal Soctety. To convince the skeptics, Бе produced a series of nakedly 
simple experiments whose message proved impossible to refute. From the point 
of view of mechanical engineers, the most memorable among these experiments 
was ihe heating of a pool of waler by an amay of paddle wheels driven by falling 


* Adnan Bejan, "Research into the Origins of Engineering Thermodynamics”, [nt. 
Comm, Heat Mass Transfer, Vol. 15, Мо, 5, 1986, pp 571—580, 
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weights. He discussed in 1847, before the Bringh Association at Oxford, his 
experimental results in which he suggested that the water at the bottom of the 
Niagura waterfall (160 feet high} should be warmer than at the top (by 0.2°F). 
From the thermal expansion of gases Joule deduced that there should be a "zero 
of temperature", 480°F below the freezing point of ісе. This was the first 
suggestion of absolute zero. Although these results failed to provoke further 
discussion, it created interest in в young man who only two years ago had passed 
from the University of Cambridge with the highest honour. The young man was 
William Thomson, who later became Lord Kelvin. He somewhere stated that it 
was ane of the most valuable recollections of his life. Michael Faraday was also 
present in Ше 1844 Oxford meeting, and he communicated Joule’s paper “On the 
Mechanical Equivalent of Heat" to the Royal Society in 1849. 

The paper ultimately appeared in Ия Philosphical Traosactions in 1850. 

Even while Joule was perfecting the experimental basis of the energy law now 
calied the Mayer-Joule principle, Herman Ludwig von Helmohitz (1821-1894) 
published іл 1847, his famous essay on the conservation of force. In this work, he 
advanced the conservation of energy as a unifying principle extending over ail 
branches of physics. Helmholiz, like Mayer, was a physician by profession and 
sc|f-taught in Physics and Mathematics, He also faced great difficulties in getting 
his paper published in professional journals. 

In the history of classical thermodynamics, one thinks of only the closed system 
formulations of the first law which were deliberated by the pioncers as stated 
above. [а engineering thermodynamics, however, open system formulations arc 
of prime interest. The first law for open systems was first stated by Gustave Zeu- 
ner, as part of the analysis of flow systems that operate in the steady state. 
Zeuner's formula for the heat transfer rate to a stream mt in steady flow ала 
without shafi work in present notations is given to be: 


dQim =d (u + Po + ¥7/2 + gr) (1.6) 


The reference of this formula is found in Stodola's classic treatise on steam 
turbines, first published in the German language in 1903, 

The first person to invent a theory simultaneously involving the ideas of 
conservation and couversion of energy was the young French military engineer 
Nicolas Leonard Sadi Camot (1796—1832). The strikingly original tdeas of 
Camot’s work make И among the most bniliant new depacures in theorctical 
physics. Sadi Carnot was the son of Napoleon's репсга|, Lazare Carnot, and was 
educated at the famous Ecole Polytechnique in Parts. Between 1794 спа 1830, 
Ecole Polytechnique had such famous teachers as Lagrange, Fourier, Laplace, 
Ampere, Cauchy, Conolis, Poisson, Gay-Lussac, and Poiseuille. After his formal 
education Carnot chose a career as au army officer. Britain was then a powerful 
military force, рита у as a result of the industrial revolution brought about by 
the siexm enginc. French lechnology was not developiug as fast as Britain's. 
Carnot wus convinced that France's iuadequate utilization of steam power had 
made rt militarily inferior. He began to study the fundamentals of steam enpine 
technology, and in 1824 hc published the results of his study in the form of a 
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brochure "Reflection on the Motive Power of Heat and on Machines Fitted to 
Develop that Power". Carnot was trained in the basic principles of hydraulics, 
pumps and water wheels at the Ecole Polytechnique. During Carnot’s time, 
calone theory of heat was still persisting, and the water wheel as the major source 
of mechanical power was gradually getting replaced by the steam engine. Carnot 
conceived that the power of a steam engine was released, as the heat Quid or 
caloric fell from the high temperature of the boitier io the lower temperature of the 
condenser, in much the same way that water falls through a water wheel to 
produce mechanical shafl work output. Carnot stated, "The motive power of a 
water wheel depends on its height and the quantity of liquid. The monve power of 
heat also depends on the quantity of caloric used and on the height of its fall, ie., 
the difference of temperatures of the bodies between which the exchange of 
calonc is made". 

Tilt Carnot's time thermodynamics was developed primarily on ап empricial 
basis provided by chemistry. Carnot approached an engineering problem, the 
efficiency of heat engines, in terms of entirely new concepts with the steam engine 
serving as the stimulus. Carnot observed that the existence of temperature 
differences is a necessary condition for producing mechanical work by means ofa 
heat engine. He simplified the problem to its bare essentials and stipulates, that 
this system, consisting essentially of a working substance, should exchange heat 
with its surroundings only at two fixed temperatures, In order to conceptualize 
such a situation, be introduces the idea of heat reservoirs. Two important 
conclusions emerged from Carnot's work: 

1. No one could build a water wheel that would produce a continuous work 
output unless water actually entered and exited ihe wheel. H water with a certain 
kinetic and potential energy entered the wheel, then the same amount of water 
wiih a lower energy must also exit the wheel. М is Шив impossible to make a water 
wheel that converts all the energy of the inlet water Into shaft work output. There 
mus! be an outflow of water from the wheel. 

If this idea is extended to a steam engine by replacing the water by heat Muid 
caloric, it can be concluded that when caloric at a certain energy level 
{temperature} enters a work producing heat engine, it must also exit the heat 
engine ai a low energy level (temperature). Thus a continuously operating heat 
engine that converts all of its caloric (heat) input directly into work output is not 
possible. This is very close io the Kelvin-Planck statement of second Jaw as it is 
known today. 

2. The maximum efficiency of a water wheel was independent of the type of 
the liquid and depended only on the inlet and outlet (low energies. The maximum 
efficiency of the steam engine (ог any heat engine} depends only oo the 
temperatures of the high and Jow temperature thermal reservoirs of the engine and 
is independent of the working Inid. To achieve the maximum efficiency there 
must not be any mechanical friction or ather losses of any kind. 

Only at the age of 36, Sadi Carnot died of cholera following an attack of scarlet 
fever. The significance of Camot’s work was not recognized until 1850, when 
Rudolf Clausius (1822-1888) and William Thomson (1824-1907) worked out a 
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clear formulation of the conservation of energy principle. Carnot's first 
conclusion was then called the second law of thermodynamics by Clausius, and 
Thomsen used Carnot's second conciusioo to develop the concept of absolute 
temperature scale, Thermodynamics is thus said to have onginated from. the 
“clumsy puffing of the early steam eogines" and 15 often called “the daughter of 
steam engine". 

Carnot's ideas were so revolutionary that they were largely ignored. Soon after 
Camot's death, Emile Сізреугоп (1799-1864), а French mining engineer, 
strengthened Carnot's ideas by using more precise mathematical derivation, 
Clapeyron constructed its thermodynamic cycle by dednciog that it must be 
composed of two reversible isothermal processes and twa reversible adiabatic 
processes. И is now known as Carmnat's cycle. Н was the first heat engine cycle to 
be conceptualized. No other heat engine can equal its efficiency. 

Clapeyron was later able to derive a relation for the eothaipy change of the 
liquid to vapour phase (4-4) in terms of pressure, temperature and specific volume. 
This provided the first equation, now called the Clausins-Clapeyron eqnation, 
representing the first order phase transition, which could be used io estimate а 
property that ts not directly measurable in terms of properties that are directly 
measurable. Clapeyron's equatton is now most easily derived from one of 
Maxwell's equations. | 

Wiliam Thomson {Ї824-1907), who became a professor of natural 
philosophy at the University of Glasgow іп 1848 at the age of 24 only, rejected 
the caloric theory of heat and for the first time used the terms “thermodynamics” 
and “mechanical energy". Арап from the deduction of the absolute temperature 
scale, Thomson worked with Joule from 1852 to 1862 in a series of experiments 
to measure the temperature of gas in a controlled expansion and propounded the 
Joule-Thomson effect for real gases. 

Rudnlf Julius Emanuel Clausius (1822-1888) realised that there were two 
distinct Jaws at work, the first law due to Joule and Mayer and the second law as 
expounded by Carnot. He defioed the internal energy U. Although both Kelvin 
and Clausius used the function Ony T for some years, Clausius recognized the 
value of this function and to describe it бе coined the word "entropy" from the 
Greek word “tropee” meaning "transformation" and assigned it the symbol $. 
Clausius in 1865, summarised the first and second laws of thermodynamics in the 
following words: 

"Die Energte der Welt ist konstant. 

Die Eotropie der Weit strebt einem Maximum zu" 

which 15 translated as 

"The energy of the world 15 constant. 

The entropy of the world tends toward a maximum". 

The world here means the universe, the system and the surroundings together. 

These statements made a strong impression upon a young student, Max Kar! 
Ernst Ludwig Planck (1858-1947), He was educated at the universities of 
Munich and Berlin. In his autobiography he stated, "One day I happened to come 
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across the treatises of Rudolf Clausius, whose lucid style and enlightening clarity 
of reasoning made an enormous impression on me, and ! became deeply absorbed 
in his articles, with an ever increasing enthusiasm, | appreciated especially his 
exact formulation of the wo laws of thermodynamics, and the sharp distinction, 
which he was the first to establish between them”. In £897, Planck! demonsimted 
the close connection between the second law and the concept of reversibility. He 
stated the second law ая the impossibility of a cyclic device which prodnces 
positive work and exchanges heat with a single reservoir. Similar staternent was 
also made by Kelvin, and is now recognized as Kelvin-Planck statement of second 
law, Poincare” in 1908, extended the work of Planck and prescribed a complete 
structure of classical thermodynamics. 

The property, entropy, plays а steller role in thermodynamics. lt was 
introduced via the concept of heat engines. In 1909, the Greek mathematician 
Caratheodory proved the existence of entropy function mathcmatically without 
the aid of Carnot engines and refngerators. Caratbeodory's statement of second 
law may be stated as: "In the neighbourhood of any arbitrary state P, of a physical 
system, there exist neighbouriog states which are not accessible from P, along 
quasi-static adiabatic paths". From the standpoint of the engineer and physicist it 
is entirely mathematical in form and devoid of physical insight. 

William John Macquom Rankine (1820-1872) defined the thermodynamic 
efficiency of n heat engine and showed the usefulness ofp-v diagrams as related 
to work. He wrote the first text book on thermodynamics’, and was the first to 
work out the thermodynamic сус for the adiabastic cylinder steam engine, now 
known a5 Rankine cycle for a vapour powet cycle. 

In 1862, the cycle used іп modem gasoline-powered І.С. engines was proposed 
in а patent issued to Alphonse Beau de Rochas (1815-1893). The first practical 
engine was, however, built by Nikolous August Otto (1832-1891) which was 
demonstrated at the Paris Exposition in 1878. Oito fought many legal battles with 
Beau de Rochas for production of these engines, but finally lost to him. 

Captain John Ericsson (1803—1889) was a Swedish engineer who marketed 
small solar-powered and coal-fired hot air engines. Rev. Robert Stirling 
(1790-1879), an English parish minister, patented a practical heat engine in 1816 
that used air as the working fluid. In thenry, the cycle used in the Stirling engine 
approaches the ideal cycle later proposed by Carnot (1824). 

George Bailcy Braylon (1830—1892), an American engineer, marketed an L.C. 
engine with a separate combustion chamber, where combustion of fuel occnrred 


1. M. Planck, 7reatise on Thermodynamics (1897), translated by A. Ogg, Longman and 
Green; London, 1927. 

2. Н. Poincare, Thermodysamigque, Gauihier- Villars, Paris, 1908, 

3 ММ. Rankine, "Manual of the Steam Engine and other Prime Movers", 1859 
going through 17 editions, as mentioned by Robert Balmer in "Thermodynamics", 
West Publishing Co., 1990, page 399. 
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at about constant pressure. This cycle later formed the basis for modern gas 
turbine plants. 

Gottlieb Daimler (1834-1900) obtained a patent in 1879 for а multicylinder 
automotive engine, which was commercially successful. Dr, Rudolf Christian 
Kar! Diesel (1858-1913) studied at Technische Hochschule in Munich. He 
designed large steam engines and boilers. He later developed in 1897 an Е.С. 
engine with fuel injection which resembled the modem diesel engine. Failing 
health, continuing criticism and serious financial setbacks beset Diesel who in 
1913 disappeared from a boat crossing the English channe! tn a mooniit night. 
Josiah Willard Gibbs (1839-1903) is oñen regarded as the most brilliant 
thermodynamicist produced im the USA, He received the first doctorate degree in 
engineering in the USA (Yale University). He contributed significantly in many 
areas of thermodynamics like heterogeneous systems, phase rule, physical 
chemistry and statistical thermodynamics. Some of his very important papers 
were published in obscure journals like Connecticut Academy of Sciences, and 
remained unknown to most scientists. Only аћег his death, these were discovered. 


SOLVED EXAMPLES 


Example 1.1 The pressure of gas in a pipe line is measured wilh a mercury 
manometer having one iimb open to the atmosphere (Fig. Ex. 1.3). И the 
difference in the height of mercury in the two limbs is 562 mm, calculate the gas 
pressure, The barometer reads 761 mm Hg, the acceleration due to gravity is 9.79 
m/s’, end the density of mercury is 13,640 kg/m’. 


Fig. Ex. 1.1 


Solution At the piane АВ, we have 
pP^po*pgz 
Now 
Рот P E 5) 
where z, is the barometric height, p the density of mercury and p, the aumospheric 
pressure, 
Therefore 


p=pelztz) 
= 13,640 kg/m? x 9,79 m/s’ (0.562 + 0.761) m 
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= 177 x 10° N/m? = 177 kPa 
x 1.77 bar = 1,746 atm Ans. 


Example 1.2 А turbine is supplied with steam at a gauge pressure of 1.4 MPa. 
After expansion in the turbine the sieam flows into a condenser which 15 
maintained at a vacuum of 710 mm Hg. The barometric pressure is 772 mm He. 
Express the inlet and exhaust sicam pressure m pascals (absolute). Take the 
density of mercury as 13.6 x 103 kg/m. 
Solurion The atmospheric pressure p, 


= pgz, = 13.6 x 10? kg/m? x 9.81 m/s? x 0.772 m 

= 1.03 x 10° Pa 
Inlet steam pressure 

= [(1.4 x 105) + (1.03 x 10*)] Pa 

= 15.03 x 10° Pa 

- 1.503 MPa Ans. 
Condenser pressure 

= (0.772 — 0.710) m x 9.81 m/s? x 13.6 x 10° kg/m? 

= 0.827 x 10° Pa 

= 8.27 kPa Ans. 


REVIEW QUESTIONS 


11 What do you undersiand Ву macroscopic and microscopic viewpoints? 

L2 b thenmodynamics в misnomer for the subject? 

1.3 How does the subject of thermodynamics differ from the concept of heat 
transfer? 

1.4 What is the scope of classical thermodynamics? 

Һ8 What is a thermodynamic system? 

16 What is the difference berween a closed system and an open system? 

1.7 Ап open system defined for a fixed region and a control volume are synonymous. 
Explain. 

1.8 Define an isolated system. 

1.9 Disuinguish berween the terms ‘change of siete’, ‘path’, and ‘process’. 

ІЛІ Whal is a thermodynamic cycle? 

1.11 What are intensive and extensive properties? 

1.12 What do you mean by homogeneous and heterogeneous sysiems? 

1.13 Explain what you шиісгкілгкі by thermodynamic equilibrium. 

1.14 Explain mechanical, chemical atid thermal equilibrium. 

115 Whal is a quasi-static proceas What is its characteristic fearre? 

1.16 What is the concept of continuum? How will you define density and pressure 
using this concept? 

7 What is vacuum? How can it be measured? 
$ What isa pressure wansducer? 
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PROBLEMS 


1.1 


1.2 


1.3 


A pump discharges a liquid into a drum at the rate of 0.0032 m/s. The drum, 

1.50 m ко diameter and 4.20 m in length, can hold 3000 Kg of the liquid. Find the 

density of the liquid and the mass Полу rate of the liquid handled by the pump, 

The acceleration of gravity is given as a funciton of elevation above sea level by 
g = 980.6 - 3,086 x 10° H 

where g is in ems”, and 4 is in cm. [fan aeroplane weighs 90,000 N а sea level, 

what is the gravity force upon it at 10,000 m elevation? What is the percentage 

difference from the sea-level weight? 

Prove that the weight of a body at an clevatron H above sea-level is given by 


where d is the diameter of the earth. 
The first artificial earth satellite is reported to have encircled ihe earth at a speed 
of 28,840 km/h and its maximum height above ihe earth's surface was stated to 
be 916 km. Taking the mean diameter of the earth to be 12,680 km, and assuming 
the orbit lo be circular, evaluate the value of the gravitational acceleration at this 
height, 
The mass of the salellile is reported to have been 86 Ер at sea-level. Estimate the 
gravitational force acting on the satellite at the operational altitude. 
Ans, 8.9 m/s*; 765 М 
Convert the following readings of pressure to kPa, assuming that the barometer 
rends 760 mm НЕ: 
(a) 90 cm Hg gauge, (b) 40 cm Hg vacuum, (с) 1.2 m H,O gauge, (d) 3.1 bar. 
А 20 m high vertical] column of a fluid of density 1878 kg/m? exista in a place 
where g = 9,65 m/s". What is the pressure at the base of the column? 
Ans. 544 kPa 
Assume thai the pressure p and we specific volume 2 of the atmosphere are 
related according to the equation рог = 2.3 x 10°, where pis in N/m” abs and v 
is in m" kg. The acceleration due to gravity is constant at 9.81 m/s?. What is the 
depth of atmosphere necessary to 
produce a pressure a£ 1.0032 bar at 
the carth's surface? Consider the Steam at ргазвига, р 
atmosphere as a fluid column. 
Ans, 64.8 km 
The pressure of steam flowing in 
а pipe line is measured with a 
mercury manometer, shown in 
Fig, Р. 1.8. Same steam condenses 
into water. Estimate the steam 
pressure in kPa, Take the density 
of mercury as 13.6 x 103 kg/m’, 
density of water as 10° kg/m’, the 
barometer reading as 76.1 сіп Hg, 
and g as 9.806 m/s’. 


Introduction — 23 


19 А vacuum gauge mounled on à condenser reads 0.66 m Hg. What is the absolute 
pressure in the cotidenser in kPa when the atmospheric pressure js 101,3 kPa? 
Ans. 8,8 kPa 
1.19 The basic barometer сап be used to measure the height of a building. If the 
barometric readings at the top and at ще bottom of a buildmg are 730 and 760 
mun Hg, respectively, determme the height of ihe building. Assume an average 
air density of 1.18 kg/m’. 


Temperature 


2.1 Zeroth Law of Thermodynamics 


The property which distinguishes thermodynamics from other sciences is tem- 
perature. One might say that temperature bears as important a relation to ther- 
modynamics as force does to statics or velocity does to dynamics. Tempera- 
ture is associated with the ability to distinguish hot from cold. When two bodies 
at different temperatures are brought into contact, after some time they attain a 
common temperature and are then said to exist in thermal equilibnum. 

When а body А is in thermal equilibrium with a body B, and also separately 
with a body C, then B and C will be in thermal equilibrium with each other. 

This is known as the zeroth law of thermodynamics. It is the basis of tem- 
perature measurement. 

Іп order to obtain a quantitative measure of temperature, a reference body 15 
used, and a certain physical characteristic of this body which changes with 
temperature is selected. The changes in the selected characteristic may be taken 
as an indication of change in temperature. The selected characteristic 15 calied 
the thermometric praperty, and the reference body which is used in the determi- 
nation of temperature is called the thermometer. A very common thermometer 
consists of a small amount of mercury in an evacuated capillary tube. In this 
case the extension of the mercury in the tube is used as the thermometric prop- 
erty. 

There are five different kinds of thermometer, each with ils own thermametnc 
property, as shown in Table 2.1. 


2.2 Measurement of Temperature—the Reference Points 


The temperature of a system is a property that determines whether or not a 
system is in thermal equilibrnum with other systems. If a body is at, say, 70°C, 
it will be 70°C, whether measured by a mercury-in-glass thermometer, resist- 
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ance thermometer or constant volume gas thermometer. If X is the thermomet- 
ric property, let us arbitrarily choose for the temperature common to the ther- 
mometer and іо ай systems in thermal equilibrium with it the following linear 
function of X: 


Table 2.1 TAermometers and Thermometric Properties 


Thermometer Thermometric Symbol 
property . 
! Constant volume gas thermometer Pressure р 
2 Constant pressure gas thermometer Volume Р 
3. Electrical resistance thermometer Resistance R 
4. Thermocouple Thermal e.m.f. E 
5. Mercury-in-glass thermometer Length L 


9 (X) = aX, where a is an arbitrary constant. 
If X, corresponds to 8 (X,), Шеп X, will correspond to 


9х) y, 


that 15 
g(x) = 200 y, (2.1) 


Two temperatures on the linear .Y scale are to each other as the ratio of the 
corresponding Xs. 


2.2.1 Method in Use Before 1954 


The thermometer is first placed in contact with the system whose temperature 
0 (X) is to be measured, and then in contact with an arbitrarily chosen standard 
system in an easily reproducible state where the temperature is Ө (.X,). Thus 


AA) _ X 
aX) X 
Then the thermometer at the temperature 8 (X) is placed in contact with 


another arbitrarily chosen standard system in another easily reproducible state 
where the temperature is @ (.X,). It gives 


(2.2) 


& x, ) X; 
= — 4.3 
6 x i 
From Eqs (2.2) and (2.3) 
&X)-935) A-A 


& X) E. 
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If we assign an arbitrary number of degrees to ihe temperature interval 
G(X) — AX) then GLY) can be calculated from the measurements of X, X, 
and Ж. 

An easily reproducible state of an arbitrarily chosen standard system is called 
а fixed paint. Before 1954, there were two fixed points: (a) the ісе point, the 
temperature at which pure ice coexisted in equilibrium with air-saturated veater 
at onc atmosphere pressure, and (b) the steam point, the temperature of equilib- 
rium between pure waler and pure steara at one atmosphere pressure. The 
temperature interval, G(X,) - G(X,), between these two fixed points was cho- 
sen to be 100 degrees. 

The use of two fixed points was found unsatisfactory and later abandoned, 
because of (a) the difficulty of achieving equilibrium between pure ice and air- : 
saturated water (since when ice melis, it surrounds itself only with pure water ` 
and prevents intimate contact with air-saturated water}, and (b) extreme ' 
sensitiveness of the steam point to the change in pressure. 


2.2.2 Method in Use After 1954 


Since 1954 only one fixed point has been in use, viz., the triple point of water, 
the state at which ice, liquid water and water vapour coexist in equilibrium. The 
temperature at which this state exists is arbitrarily assigned the value of 273.16 
degrees Kelvin, or 273.16 K (the reason for using Kelvin's name will be 
explained later). Designating ihe triple point of water by &, and with X, being : 
the value of ће thermometnric property when the body, whose temperature 6 is 
to be measured, is placed in contact with water at ta miple point, it follows uai 


ёа = aX, 
B, 27316 
da = — = 
t X, 
Therefore 
0- aX 
27316 
= -A 
X, 
or 8- 273.164 (2.5) 
X 


t 
The temperature of the triple point of water, which is an easily reproducible 
atate, 15 now the standard fixed point of thermomerry. 


23 Comparison of Thermometers 


Applying the above principle to the five thermometers listed in table 2.1, the 
temperatures are given as 


Temperature == 1? 


(a) Constant volume gas thermometer ЁР) = 273. 16-2 

r 
(b) Constant pressure gas thermometer et V) = 273.16 
(с) Electric resistance thermometer G(R) = 273. 6S 
(d) Thermocouple Ae) = 273162 
(е) Liquid-in-glass thermometer (1) = 273.16 A . 


If the temperature of a given system is measured simultaneously with each 
of the five thermometers, it is found that there is considerable difference among 
the readings. The smallest variation is, however, observed among different gas 
thermometers. That 15 why а gas is chosen as the standard thermometric sub- 
sance. 


2.4 Ideal Gas 


It has been established from experimental observations that the p- v- T 
behaviour of gases at a low pressure is closely given by the following relation 


pu = RT (2.6) 
where А is the universal ра constant, 8.3143 J/mol K and р is the molar 
specific volume, m`/gmol. (see Sec. 10.3.). Dividing Eq. (2.6) by the molecular 
weight H, 

ро = АТ (2,7) 
where v is specific volume, in m"/kg, and R is the characteristic gas constant. 
Substituting R = Дуи J/kg K, we get in terms of the total volume F of gas, 

PV-nRT 

PV = mAT (2.8) 
where n is the number of moles and т is the mass of the gas. Equation (2.8) can 
he written for two states of the gas, 

ри Pah 
ЕЕ 2.9 
zm (2.9) 
Equation (2.6), (2.7) or (2.8) is called the idea! gas equation of state. At very 
low pressure or density, al] gases and vapour approach ideal gas behaviour. 
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2.5 Gas Thermometers 


A schematic diagram of a constant volume gas thermometer is given to Fig. 2.1. 
A amall amount of gas is enclosed in bulb Я which is in communication via the 
capillary tube C with one limb of the mercury manometer М. The other limb of 
the mercury manometer ts open to the atmosphere and can be moved vertically 
to adjusi the mercury levels so that the mercury just touches lip £ of the 
capillary. The pressure in the buib is used as a thermometnic property and is 
piven by 


P= Pot рм 28 
where p, is the atmospheric pressure and ры is the density of mercury. 


Flaxibie tubing 


Fig. 2.1 Constant polum gar thermorieter 


When the bulb ts brought in contact with the system whose temperature is to 
be measured, the bulb, in course of time, comes in thermal equilibrium with the 
system. The gas in the buib expands, on being heated, pushing the mercury 
downward. The flexible limb of the manometer is then adjusted so that the 
mercury again touches the lip L. The difference in mercury level Z is recorded 
and the pressure p of the gas in the bulb is estimated. Since the volume of the 
trapped gas is constant, from the ideal gas equation, 


F 
AT=—A 2.10 
ГЕШ (2.10) 


i.e. the temperature increase is proportional to the pressure increase. 

In в constant pressure gas thermameter, the mercury levels have to be 
adjusted lo keep Z constant. and the volume of gos F, which would vary with 
the temperature of the system, becomes the thermomelric property. 


AT- TAV (2.11) 
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Le. the temperature increase is proportional to the observed volume increase. 
The constant volume gas thermometer is, however, mostly in use, since it is 
simpler in construction and easier to operate. 


2.6 Ideal Gas Temperature 


Let us suppose that the butb of a constant volume gas thermometer contains an 
amount of gas such that when the bulb 15 surrounded by water at its triple poini, 
the pressure p, 15 1000 mm НЕ. Keeping the volume F constant, let the following 
procedure be conducted: 

(а) Surround the bulb with stean condensing at 1 atm, determine the gas 
pressure p and calculate 


@= 273.16 —#— 
1000 
(5) Remove some gas from the bulb so that when it is surrounded by water 
at its triple point, the pressure p, is 500 mm Hg. Determine the new values of p 
and then Ө for steam condensing at | atm. 


@= 273.16 Z 
500 


(с) Continue reducing the amount of gas in the bulk so that p, and p have 
smaller and smaller values, e.g., p, having, say, 250 mm Пр, 100 mm Hg, and 
so on. At each value of p, calculate the corresponding 8. 

(d) Plot 8 vs. p, and extrapolate the curve to the axis where p, = 0. Read from 


the graph 
lim Ө 
Ad 

The graph, as shown in Fig. 2.2, indicates that although the readings of a 
constant volume gas thermometer depend проп the nature of the gas, all gases 
indicate the same temperature as p, is lowered and made to approach zero. 

A similar series of tesis may be conducted with a constant pressure gas 
thermometer. Fhe constant pressure may first be taken їо be 1000 mg Hg, then 
500 mm Hg, etc. and at cach valuc of p, the volumes of gas F and У, may be 
recorded when the bulb is surrounded by steam condensing at 1 atm and thc 
tiple point of water, respectively. The corresponding value of & may be calcu- 
lated from 


8- 273.16 — 
t . 
and 8 vs. p may be plotted, similar to Fig. 2.2. Ц is found from the experiments 
ihat all gases indicate the same value of 8 as p approach zero. 
Since a real gas, as used in the bulb, behaves as an ideal gas as pressure 
approaches zero (which would be explained later in Chapter 10), the idea! gas 
temperature T is defined by either of the two equations 
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Fig. 2.2 Мг дат temperature for steam point 


Т = 273.16 шп -2- 
Pi 


p-U0 
= 273.16 lim 2. 
y 


1 


р + 0 


where @ has been replaced by T to denote this particular temperature scale, the 
ideal gas temperature scale. 


2.7 Celsius Temperature Scale 


The Celsius temperature scale employs a degree of the same magnitude as that 
ofthe ideal gaz scale, but its zero point is shifted, so that the Celsius temperature 
of the triple point of water is 0.01 degree Celsius or 0.01°С. If ¢ denotes the 
Celsius temperature, then 
t= T 273.15° 
Thus the Celsius temperature /, at which steam condenses at 1 atm. pressure 
-1,- 273.15? 
= 373.15 — 273.15 
= 100.00°С 
Similar measurements for ice points show this temperature on the Celsius 


scale to be 0.00°C. The only Celsius temperature which is fixed by definition is 
that of the triple point. 


2.8 Electrical Resistance Thermometer 


In the resistance thermometer (Fig. 2.3) the change in resistance of a metal wire 
due to ifs change in temperature is the thermometric property, The wire, fre- 


Temperature — di. 


quently platinum, may be mcorporated in а Wheatstone bridge circuit. The plati- 
num resistance thermometer measures temperature to a high degree of accu- 
racy and sensitivity, which makes it suitable as a standard for the calibration of 
other thermometers. 

In a restricted range, the following quadratic equation is oflen used 


R = 41 + At+ BP) 


where А; is the resistance of the platinum wire when it is surrounded by melting 
ice and А and В are constants. 


Fig. 2.4 Resistance thermometer 


29 Thermocouple 


A thermocouple circuit made up from joining two wires A and В made of 
dissimilar metals is shown in Fig. 2.4. Due to the Seeback etTect, a net c.m.f. is 
generated in the circuit which depends on the difference in temperature between 
the hot and cold junctions and 15, therefore, а thermometric properly of the 
circuit. This e.m.f. can be measured by а mierovolumeter to a high degree of 


Wire A 


<- Reference junction 


Fig. 2.4 TAermocouple 
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accuracy. The choice of metals depends largely on the temperature range to be 
investigated, and copper-constantan, chromel-alumel and p!atinum-platinum- 
rhodium аге typical combinations in use. 

А thermocouple is calibrated by measuring the thermal e.m.f. at various 
known temperstures, the reference junction being kept at 0°C. The results of 
such measurements on most thermocouples can usually be represented by a 
cubic equation of the form 


£—a- btt c + dr 


where Е тя the thermal елп.Ғ. and the constants a, Б, c and d are different for 
each thermocouple, 

The advantage of a thermocouple is that it comes to thermal equilibrium with 
the system, whose temperature is іс be measured, quite rapidly, because its 
mass is smali. 


2.10 International Practical Temperature Scale 


Ап international temperature scale was adopted at the Seventh General 
Conference on Weights and Measures held іп 1927. [t was not to replace the 
Celsius or ideal gas scales, but to provide a scale that could be easily and rapidly 
used to calibrate scientific and industrial instruments. Slight refinements were 
incorporated into the scale in revisions adopted in 1948, 1954, 1960 and 1968. 
The international practical scale agrees with the Celsius scale at the defining 
fixed points listed in Table 2,2. The temperature interval from the oxygen point 
to the gold point is divided into three main parts, as given below. 


Table 22 Temperatures of Fixed Points 


Normal bailing point of oxygen -18297 
Торе point of wader (standard) +0.01 
Normal boiling point of water 100.00 
Normal boiling point of sulphur 444,40 
{Namal тенор poini of zinc-sugyested 

gs an alternative to the sulphur point) 419.50 
Normal melting point of antünony 630.50 
Normal melting point of silver 960. B0 
Normal melting point of gold 1063.00 


{а} From 0 to 650^C А platinum resistance thermometer with a platinum wire 
whose diameter must Не between 0.05 and 0.20 mm is used, and the tempera- 
ture 15 mven by Ше equation 

R = Ré + 41+ ВР) 


where the constants Eg, А, and В are computed by measurements at the ice 
point, steam point, and suipbrr point. 
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(b) From - 190 to ӨС Тһе same platinum resistance thermometer is used, 
and the temperature is given by 
К= 1+ А+ ВП + Ci- 100) 2] 


where Ж, 4 and В are ihe same as before, and С is determined from a 
Measurement at the oxygen point. 


(c) From 660 to 1063"C А thermocouple, one wire of which is made of 
platinum aod the other of an alloy of 90% platinum and 10% rhodium, is used 
Wilh one junction ar 0°С. The temperature is given by the formula 


е-а+ bt + с 


where a, b, and c are computed from measurements at the antimony point, 
silver point, and gold point. The diameter of each wire of the thermocouple 
musti lie berween 0.35 to 0,65 mm. 

An optical method is adopted for measunng temperatures higher than the 
gold point. The intensity of radiation of any convenient wavelength is compared 
with the intensity of radiation of tbe same wavelength emitted by a black body at 
the gold point. The temperature is then determined with the help of Planck's law 
of thermal radiation. 


SOLVED EXAMPLES 


Example 2.1 Two mercury-in-glass thermomeicrs are made of identical 
materials and are accurately calibrated at O°C and 100°C, One has а tube of 
constant diameter, while the other has a tube of conical bore, ten per cent 
greater in diameter at 100°C than at 0°C, Both thermometers have the length 
between 0 and 100 subdivided uniformly. What will be the straight bore 
thermometer read m a place where the cooical bore thermometer reads 50°C? 
Solution The volume of mercury in the tube at (°C, И, is given by 
V, 7 Vy [1 B(t - 4] 

where Ру is the volume of mercury at 0°C, B is the coefficient of volume 
expansion of mercury, and fy is the ice point temperature which is 0°С. The 
volume change of glass is neglected. 

Therefore K- ВУ 

The temperature # is thus a linear function of volume change of mercury 
(A — Vo). 

Therefore АР, 19 ^ B Р: 100 

AV, =Й Fo: 50 
Ар о _ 1 


— 
аа 


Ай ue 2 


i.e., the 50°С, the volume of mercury will be haif of that at 100°C, for the 
straight bore thermometer (Fig. Ех. 2.1a. 
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But if the bore is conical (Fig. Ех. 2,}Ь), mercury will fil] up tke volume 
ACDB, which is Jess than half af the mercury volume at 100°C, i.e., valume 
АЕҒВ. Let t be the true temperature when mercury rises half the length of the 
conical tube {the apparent temperature being 50°C). Let EA and FB be extended 
to meet at C. Let / represent the length of the thermometers and / the vertical 
height of the cone АВС, as shown іп the figure. Now, 


` Ma 2l 
{+ lid Lt 
f=10 
and ғ -4 
Р+12 CD 
CD = ТАЙ = 1.054 
АР, = и, В i 
. Ау ғ. 
4. Аб 100 
or Volume ACOB _ t 
‚ Volume AEFB 100 
17 йз xiosi Ж a? 401 
к. 34 2... 
ТЯ ІЛ р 100 
® ay xI- LIE 2.491 
34 34 
or 1.05 х 1.05 х 10.5 -10 _ r 
11х14 х 1-10 100 
А | p= 158 y 109 = 47.7°С Ans. 
3.31 
{ . 
100 100°C 
fc 


Fig. Ex 2.1 


Temperature —— 5 


Example 2.2 The e.m.f. in a thermocouple with the test junction at PC on gas 
thermometer scale and reference junction at ice point is piven by 


e-020:r—5x 104A mv 


The millivoltmeter is calibrated at ісе and steam points. What will this 
thermometer read in a place where the gas thermometer reads 50°C? 
Solution | At ice polo when ¢=0°C, £— 0 mV 

At steam point, when ғ = 100°C, = = 0.20 x 100 5 x 107^ x (100) 


= 15 mV 
At t= 50°C, == 0.20 x 50-5 x 107 (50)? = 8.75 mV 
When the gas thermometer reads 50°C, the thermocouple wil] read 

x 8.75, or 58.33*C Ans. 


REVIEW QUESTIONS 


What is the zeroth law of thermodynamics? 

Define themmometic property. 

What is 2 thermometer? 

What is в fined point? 

How many fixed points were used prior to 19547 What are these? 

What is the standard fixed point in thermornetery? Define 1. 

Why is a gas chosen as the slandard thermometne subsunce? 

What is an ideal gas? 

What is the difference between the universal gas constant and a charactensiic 
Баз constant? 

What i а constant volume gas thermometer? Why is it preferred (0 a constam 
pressure gag thermometer? 

What do you understand by the ideal gas temperature scale? 

How can the ideal gas temperature far the steam point be measured? 

What is the Celsius temperature scale? 

What is the advantage of a thermocouple in temperature measurement? 
How docs the resistance thermometer measure temperature? 

What js the need of the international practical temperature scale? 


PROBLEMS 


2.1 


22 


The limiting value of the ratio of Ше pressure of gas at the sicam point and at 
the wipie point of water when the gas is kept at constant volume is found to be 
1.36605, What is the ideal gus temperature of ihe steam poit? 

In à constant volume gas thermometer the following pairs of pressures mad- 
mgs were taken at the boiling point of water and the boiling point of sulphur, 
respectively: 

Water b.p. 50.0 100 200 3X) 

Sulphur b.p. 954 193 387 582 


36----- Basie and Applied Thermadynamic 


2.4 


2.5 


2.6 


The numbers are the gas pressures, mm Hg, each pair being taken with the 
same amount of gas in the thermometer, bul the successive pairs being taken 
with different amounts of gos in the thermometer. Plot the ratio of Syp: НО. 
against the reading at lhe water boiling point, and exuapolate the plot to zero 
pressure at the water bailing point. This gives the ratio of $,,: H,O,, on a 
gas thermameler operating at zero gas pressure, i.c., an ideal gas thermometer. 
What is the boiling point of sulphur on the gas scale, from your plot? 

` Arts, 445°C 
The resistance of a platinum wire is found to be 11,000 ohms at the ісе point, 
15,247 ohms at the steam point, and 28.887 ohms at the sulphur point. Find the 
constants „і and В in the equation 


R=Rfl+At+ ВГ) 


and plot A against r in the range 0 to 660°C, 

When the reference junction of a thermocouple is kept at the ice point and the 
test junction is the Celsius temperature 7, and e.m.f. & of the thermocouple is 
given by the equation 


exart bf 


where а = 0.20 mV/deg, and 5 = ~ 50 x 107 туса" 

іа) Compute the e.m.f. when $ = — 100°C, 200°С, 400°C, and SFC, and draw 
graph of = against ! in this range. 

{б} Suppose the emf ғ is laken as а thermometfic property and thai a 
temperature scale 1% is defined by the linear equation. 


=g g- b 


and that /* = 0 at the ice point and ¢* = 100 at the steam point. Find the 
numerical values of а” and 5' and draw a graph of £ against {*. 

(c) Find the values of1* when? = — 100°C, 200°C, 400°C, and 500°C, end draw 
a graph of ¢* against t. 

id} Compare the Celsius scale with the ге scale. 

The (mperature / on a thermormetric scale js defined in terms of a property. К 

by the relation 


t=alnA+é 


where a and b are constants. 

The values of К are found to һе 1.83 and 6.78 at the ice point and the steam 
poini, the temperatures of which are assigned the numbers 0 and 100 
respectively. Determine the temperature corresponding to а reading of X equal 
to 2.42 on the thennometer. 

Ans. 21.346°C 
The resistance of the windings in à cerlain motor is found to be 80 ohms at 
room temperature (25°C). When operating at full load under steady state 
conditions, the motor is switched off and the resistance of the windings, 
unmediaiely measured again, із found to be 93 ohms. The windings are made 
ef copper whose resistance at temperature °C is piven by 


R, = R [1 + 0.00393 4] 
where Ас is the resislance at O°C. Find Ше temperature attained by the coil 


during ful] toad. 
Ans. 710.41°С 


Work and Heat Transfer 


A closed system and its surroundings can interact in two ways: (а) by work 
transfer, and (b) by heat transfer. These may be called energy interactions and 
these bring about changes іп the properties of the system. Thermodynamics 
mainly studies these energy interactions and the associated property changes of 
Lhe system. 


3.1 Work Transfer 


Work is one of the basic modes of energy transfer. In mechanics the action of a 
force on a moving body is identified as work. А force 15 a means of transmitting 
an effect from one body to another. But a force itself never produces a physical 
effect except when coupled with motion and hence it is not a form of energy. Ал 
effect such as the raising of a weight through a certain distance can be performed 
by using a small force through a large distance or a large force through a small 
distance. The product of force and distance is the same to accomplish the same 
effect. In mechanics work 1s defined as: 

The work is done by a force as it acts upon o body moving in the direction of 
the force. 

The action of a force through a distance (or of a torque through an angle) 
is called mechanical work since other forms of work can be identified, as 
discussed later. The product of the force and the distance moved parallel to the 
force is the magnitude of mechanical work. 

In thermodynamics, work transfer is considered as occurring between the 
system and the surroundings. Work ix said ta be done by a system if the sole 
effect on things external to the system сап be reduced to the raising of a weight. 
The weight may not actually be raised, but the net effect external to the system 
would be the raising of a weight. Let us consider the battery and the motor in 
Fig. 3.1 as a system. The motor is driving a fan. The system is doing work upon 
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the surroundings. When the fan is replaced by a pulley and a weight, as shown 


in Fig. 3.2, the weight may be raised with the pulley dnven by the motor. The 
sole effect on things external to the system is then the raising of a weight. 


Be Ене 


А [| Motor — Fan 
я 
| а W 
+ іт Ер 
" 887 surroundings 
* Baleary | 
Sysiem Exxindany 


Fig. 3.1 Aaitery-moior system driving a јап 
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gu 


., Battery ішу 
"Amm Weight 
— — Syatem boundary 
Fig. 3.2 Work iransftr from a rystem 


When work is done by a system, it is arbitrarily taken to be positive, and 
when work is done on a system, it is taken to be negative (Fig. 3.3.). The symbol 
W is used for work transfer. 


HF 
- W 
Surroundings Surroundings 
(а) W Is positive (b) W Is negative 


Fig. 3.3 Work interaction behween a system and the surroundings 


The unit of work is M.m or Joule [1 Mm = 1 Joule]. The rate at which work 15 
done by, or upon, the system is known as power. The unit of power 15 J/s or watt. 
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Work is one of the forms in which a system and ils surroundings can interact 
with each other. There are various types of work transfer which can get involved 
between them. 


42 pdV-Work or Displacement Work 


Let the gas in the cylinder (Fig. 3.4) be a system having initially the pressure p, 
and volume F,. The system is in thermodynamic equilibrium, the state of which 
is described by the coordinates ру, Fi. The piston is the only boundary which 
moves due to gas pressure. Let the pis- 
ton move out to a new final position 2, 
which is also a thermodynamic equi- 
librium state specified by pressure p, 
and volume F}. At any intermediate 
point in the travel of the piston, let the 
pressure be p and the volume F. This 
must also be an equilibrium siate, Fig. 3.4 АР work 

since macroscopic properties p and Р 

are significant only for equilibnum states. When the piston moves an 
infinitestimal distance di, and if *a' be the area of the piston, the force F acting 
on the piston F = p.a. and the infinitesimal amount of work done by the gas on 
the piston 


А = F-di= рад! = pdV (3.1) 


where dF = ad! = inftnitesimal displacement volume. The dilTerential sign іп 
а with the line drawn at the top of it will be explained later. 

When the piston moves out from position 1 to position 2 with the volume 
changing from F) to Fa, the amount of work IF done by the system will be 


The magnitude of the work done is 
given by the area under the path 1-2, 
as shown in Fig. 3.5. Since p is at all 
times a thermodynamic coordinate, all 
the states passed through by the sys- 
tern as the volume changes from PF, to 
V, must be equilibrium states, and the 
path 1-2 must be quasi-static. The pis- 
ton moves infinitely slowly so ihat 


Fig. 3-5 — Quari-rtatic pal V work 


every state passed through is an equilibrium state. The integration | РАР can 
Бе performed only on а quasi-static path. 
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3.91 Path Function and Poimi Function 


With reference to Fig. 3.6, it is possible to take a system from stale 1 to stale 2 
along many qnasi-static paths, such as 4, Вог С. Since the area under each 
curve represents the work for each process, the amount of work involved in 
each сазе is not a function of the end states of the process, and it depends on the 
path the system follows in going from state ! to state 2. For this reason, work is 
called a path function, and d W is an inexact or imperfect differential. 


— F 


Fig. 3.6 Wark—a bath function 


Thermodynamic properties are point functions, since for a given state, there 
is a definite value for each property. The change in a thermodynamic property 
of a system in a change of siate is independent of the path the system follows 
during the change of state, and depends only on the initial and final states of the 
system. The differentials of point functions are eraci or perfect differentials, 
and the integration is simply 


ГЕ 
| dV =p,- И, 
d 
The change in volume thus depends only on the end states of the system 
irrespective of the path the system follows. 
Оп the other hand, work done in a quasi-static process between two given 
Slates depends on the path followed. 


2 
Ја = 0—7, 
l 

Rather, 


2 
[aw = ж, ог, 
і 


To distinguish an inexact differential d WF from an exact differential АР or dp 
the differentia] sign is being cut by a line at its top. 
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From Eq. {3.1}, 
dv=law (3.2) 
р 


Here, 1/р is called the integrating factor, Therefore, an inexact differentia! 
å W when multiplied by an integraling factor 1/р becomes an exact differential 
ЧУ. 


For a cyclic process, the initial and final states of the system are the same, 
and hence, the change іп any property is zero, i.e. 


$ dV =0, $ ф=0, $ ar- 0 (3.3) 
where the symbol $ denotes the cyclic integral for the closed path. Therefore, 
the cyclic integral of a property is always zero. 


3.2.2 pdV-Work in Various Quast-Siatte Processes 


. (a) Constant pressure process (Fig. 3.7) (isobaric or isopiestic process) 


F. 
W= | pdV = pt, - Vi) (3.4) 
7 
(b) Constant volume process (Fig. 3.8) (isochoric process) 
= | pav - 0 (3.5) 
1 2 
Là, 
V. V. 
1. y * и 
Fig. 3.7 — (onrtan? pressure procesr Fig. 3.8 Consani pademe process 


(с) Process in which pF = C (Fig. 3.9) 


F; 
Wi = | par, pV^nm Fi =Ç 


. =p, ¥, In £L (3.6) 
р 
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(d) Process in which рУ" = C, where n is а constant (Fig. 3.10) 
рУ" = ру Г; =p, Р = С 


1 (p, AW) 
Р ү" 
Р; 
ж = | pd 
i 
F п 
рій dV 
A V 
үзін У, 
= (pi | | 
п+1 у 
p ый 
m (pit T) 
l-n 
-1/ 
zm “Pals, onu, үр "T (3.7) 
n-1 n-1 P 
DEN Z2 2 
- — | 
P pv"=cC 
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ЕЕ 0 0 0| — 022 2 
р, | 2 
EN v Vo 


Fig. 3.9 Process in which pV = constant Fig. 3.10 Process іп which pV" = constant 
3.3 Indicator Diagram 


An indicator diagram is a trace made by a recording pressure gauge, called the 
indicator, attached to the cylinder of a reciprocating engine. This represents the 
work done in one engine cycle, Figure 3.11 shows a typical engine indicator. 
The same gas pressure acts on both the engine piston Р and the indicator 
piston 7. The indicator piston is loaded by a spring and it moves in direct 
proportion to the change in pressure. The motion of the indicator piston causes 
a pencil held at the end of the linkage L to move upon a strip of paper wrapped 
around drum D. The drum is rotated about ils axis by cord C, which is 
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Fig. 3.11 Engine indicator 


connected through a reducing motion А to the piston P of the engine. The 
surface of drum D moves horizontally under the pencil while the pencil moves 
vertically over the surface and a plot of pressure upon the piston vs. piston travel 
15 obtained. 

Before tracing the final indicator diagram, a pressure reference line is 
recorded by subjecting the indicator io the atmosphere and tracing a line at a 
constant pressure of one atmosphere. 

The area of the indicator diagram represents the magnitude of the net work 
done by the system in one engine cycle, The area under the path 1—72 represents 
work done by the system and the area under the path 2-1 represents work done 
upon the system (Fig. 3.12}. The area of the diagram, dp ts measured by means 
of a planimeter, and the length of the diagram, /,, is also measured. The mean 
effective pressure (m.c.p.) p, is defined in the following way 


where K is the indicator spring constant (N/cm x cm travel). Work done in one 
engine cycle 


——à» Pressure 


Piston travel 


— e Volume 


Fig. 3.12 Indicator diagram 
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= (pa A) 1 
where А = cross-sectional area of the cylinder 


- " ІР, where D is the cylinder diameter 


and L = stroke of piston, or iength of cylinder. 


Let N be the revolutions per minute (r.p.m.) of the crankshaft. In a two stroke 
cycle, the engine cycle is completed in two strokes of the piston or in one 
revolution of the crankshaft. In a fowr-stroke cycle, the engine cycle is 
compicted in four strokes of the piston or two revolutions of the crankshaft. 

For a two-stroke engine, work done in one minute = р ALN, and for a four- 
stroke engine, work donc іп one minute = р, 4LN/2. 

The power developed inside the cylinder of the engine is called indicated 
power (IP), 


p At N or МҮ 
IP = —_+__4-_ 
60 


where pm is in kPa and л 15 the gumber of cylinders in the engine. 

The power available at the crankshaft is always less than this value (IP) due 
to friction, etc, and is called the brake power (BP) or shaft power (SP, If œ is 
ihe angular velocity of the crankshaft in radian/sec, then 


kW (3.8) 


ВР= То (3.9) 
where Tis the torque transmitted to the crankshaft in mN, 
2mTN 
BP = 16 
= (3.10) 


where А is the number of revolutions per minute (rprn). 
The mechanical efficiency of the engine, Л. „оь. is defined as 


НР 
= — З.И 


Ап engine is said to be double-aciing, Ч the working fluid 15 made to work on 
both sides of the piston. Such an engine theoretically develops twice the amount 
of work developed іп a single-acting engine. Most reciprocating steam engines 
are double-acting, and so are many marine diesel engines. Internal combustion 
engines for road transport are always single-acting. 


3.4 Other Types of Work Transfer 


There are forms of work other than pdF or displacement work. The following 
are the additional types of work transfer which may get involved in system- 
surroundings interactions. 


(a) Electrical Work When a current flows through a resistor (Fig. 3.13). 
taken as à system, there 15 work transfer into the system. This is because the 
current can drive a motor, the motor can drive a pulley and the pulley can raise 
a weight. 
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майы. testa t 
System boundary 


Fig. 3.13 — Electrical work 


The current flow, 7, іп amperes, is given by 

ac 

dt 

where C is the charge in coulombs and т is time in seconds. Thus dC is the 


charge crossing a boundary during time dr. If E 15 the voltage potential, the 
work is 


di = E-dC 
= EI dt 
2 
W-| Elar (3.12) 


{ 
The electrical power will be 


= fa See (3.13) 
dr0 dr 


This is the rate at which work is transferred. 


(b) Shaft Work When a shaft, taken as the system (Fig. 3.14), is rotated by a 
motor, there is work transfer into the system. This is because the shaft can rotate 
a pulley which can raise a weight. If T is the torque applied to the shaft and d@ is 
the angular displacement of the shaft, the shaft work is 


7 + 

w=| Tde (3.14) 

| 
and the shaft power is 

2 

| dé 

W-|T—^-Tuo 3.15 
| Т2 (3.15) 


Systam boundary 


ғ 
" Shaft 
Fig. 3.14 Элай work 


(c) Paddle-Wheel Work or Stirring Work Аз the weight is lowered, and 
the paddle wheel turns (Fig. 3.15), there is work transfer into the fluid system 


Маштгін 
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which gets stirred. Since the volume of the system remains constant, | РАЁ= 0. 


If m is the mass of the weight lowered through a distance dz and T is the torque 
transmitted by the shaft in rotating throngh an angle 00, the differential work 
transfer to the fluid is given by 


АЙ = med: = Таб 


and the total work transfer is 
2 2 2 
= | mgdr= | ва = | rae (3.15) 
| 1 1 


where H^ is the weight lowered. 


mm 


Weight 


Fig. 3.15 Paddle-wheel work 


(4) Flow Work The flow work, significant only in a flow process or an open 
system, represents the energy transferred across the system boundary as a 
resnlt of the energy imparted to the fluid by a pump, blower or compressor to 
make the fluid flow across the control volume, Flow work is analogous to 
displacement work. Let р be the fluid pressure in the plane of the imaginary 
piston, which acts in a direction normal to it (Fig. 3.16). The work done on this 
' imaginary piston by the external pressure as Lhe piston moves forward is given 


(3.16) 


сяр | 
Imaginary “УТ | Boundary 
Piston Ж ме” 
dV i 
1 
| | [ 2) pz. ¥2, А; 
| = = 


Fig. 3.16 Flow work 


Марпа 
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where dF is the voiume of fluid element about to enter the system. 


г. Я = ре йт (3.17) 
where dV = v dm 
Therefore, flow work at inlet (Fig. 3.16), 


Equation (3.18) can also be derived in a slighuly different manner. if the 
nomial pressure p, is exerted against the area 4,, giving a total force (p, 4j) 
against the piston, in time 47, this farce moves a dislance V ‚айт, where V, is the 
velocity of flaw (piston). The work in time dt is ру A, V,dt, or the work per unit 
іше is p, A, V,. Since the flow rate 

Pi dt 
the work done in time dr becomes 
Ғалы 7 р U; dnt 
Similarly, flow work of the fluid element leaving the system i5 


(4 W owon =p: dm, (3.19) 
The flow work per unit mass is thus 


It is the displacement work done at the moving system boundary. 


(е) Work Done іп Stretching a Wire Let us consider a wire as the system, 
If the length of the wire in which there is a tension 7 is changed from L to 
L^ dL, the infinitesimal amount of work that is done is cqual to 

ЕЯ = - dL 


The minus sign is used because a positive value of dL means an expansion of 
the wire, for which work must be done on the wire, 1.е., negative work. For a 


finite change of length, 
z 
= [ға (3.21) 
l 


if we limit the problem to within the elastic limit, where E is the modnlus of 
elasticity, s is the stress, £ is the strain, and 4 is the cross-sectional area, then 


F =з4 = Eed, since = = Е 


de = ЧЁ 
L 


ДАТ =- F di =- Ee dL de 
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2 
W - - AeL | ede=- S - (e - e) (3.22) 
1 


(f) Work Done іп Changing ihe Area of a Surface Film А (ilm on the 
surface of a liquid has a surface tension, which is a property of the liquid and the 
surroundings. The surface tension acts to make the surface area of the liquid a 
minimum. it has the unit of force per unit length. Tbe work done on a 
homogeneous liquid fitm in changing its surface area by an infinitesimal amount 
dd is 

d F=- сал 


where g is the surface tension (N/m). 


2 
- | сая (3.23) 
l 


(g) Magnetization of a Paramagnetic Solid Тһе work done per unit volume 
on a magnetic material through which the magnetic and magnetization fields are 
uniform is 

qF = – Hdi 


aud F, 


| 
,7- | Hd! (3.24) 
T 
where ҒҒ is the field strength, and / is the compoueut of the magnetization field 
tn the direction of the field. The minus sign provides tha! an increase in mag- 
netiration (positive d/) involves negative work. 
The following equations summarize the different forms of work transfer: 

Displacement work 


2 
{compressible fluid) W= | рағ 
i 2 
Electrical work ғ-| EdC = | Ei dt 
І I 
3 
Shaft work W= | габ 
1 


2 

Surface film F=- J odd (3.25) 
І 
Stretched wire W=- | 
| 
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Magnetised salid W-- | H di 
| 

it may Бе noted jn the above expressions that the work is equal to the integral 
of the product of an intensive propeny and the change in its related extensive 
property. These expressions are valid only for infinitesimally slow quasi-static 
processes. 

There are some other forms of work which can be identified in processes that 
are not quasi-static, for example, the work done by shearing forces in a process 
involving friction in a viscous fluid. 


3.5 Free Expansion with Zero Work Transfer 


Work transfer ts identified only at the boundaries of a system. It is a boundary 
phenomenon, and a form of energy in transit crussiug the boundary. Let us 
consider a gas separated from the vacuum hy a partidon (Fig. 3.17). Let the 
partition be removed. The gas rushes to fill the entire volume. The expansion of 
а раз араілы vacuum is called free expansion. If we neglect the work associated 
with the removal of partition, and consider the gas and vacuum together as our 
system (Fig. 3.1 7а), there is no work transfer involved here, since no work 
crosses the system boundary, and heuce 


2 2 
Гағ-0, although | p dP 20 
| 1 
If only the gas is taken as the system (Fig. 3.17), when the pariton is 
removed there 15 a change in the volume of the gas, and one is tempted to 


2 
calculate the work from the expression | p dV. However, this i5 not a quasistatic 


| 
process, although the initial and Ппа! end states are in equilibrium. Therefore, 


the work cannot be calculated from this relation. The two end slates can be 
located on the р— diagram and these are joined by a dotted line 
(Fig. 3.17c) to indicate that the process had occurred. However, if the vacuum 
space is divided into a large number of small volumes by partinons and the 
partitions аге removed one by опе slowly (Fig. 3.174), then every state passed 
through by the system is an equilibrium state and the work done can then be 


1 
estimated from the relation | pdr (Fig. 3.17c), Yet, т free expansion of a gas, 


t 

there ts no resistance to the fluid at the system boundary as the volume of the 
gas increases to fill up the vacuum space. Work is done by a system to 
overcome some resistance. Since vacuum does not offer апу resistance, there 
is no work transfer involved in free expansion. 
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D | 
| i 


Fig. 3, 17 Free ауратмтал 


3.6 Net Work Done by а System 


Often different forms of а work transfer occur simultaneously during a process 
executed by a system. When ай these work interactions have been evaluated, 
the total оғ net work done by the system would be equal to the alpebraic sum of 
these as given below 


Н лы = Fasnceneu "асы" Petecrrieas + P aining t + 
3.7 Heat Transfer 


Heat is defined as the form of egergy that is transferred across a boundary dy 
virtue of a temperature difference. The temperature difference is the ‘potential’ 
ar ‘force’ and heat transfer is the ‘flux’. 

The transfer of heat between two bodies in direct contact 15 called conduc- 
Пол. Heat may be transferred between rwo bodies separated by empty space or 
gases by the mechanism of radiation through electromagnetic waves. A third 
method of heat transfer is convection which refers to the wansfer of heat be- 
tween a wall and a fuid system in motion. 

The direction of heat transfer 18 taken from the high temperature system to 
the low temperature system. Heat flaw into a system is taken to be positive, and 
heat flow out of a system is taken as negative (Fig. 3.13). The symbol Q 1s used 
for heat transfer, i.e., the quantity of heat transferred within a ceriain time. 

Heat is a form of energy in transit (like work transfer). It is a boundary 
phenomenon, since it occurs only at the boundary of a system. Energy transfer 
by virtue of temperature difference only is called heat transfer. All other energy 
interactions may be termed as work transfer. 


52 = Basie and Applied Thermodynamics 


Quasi-Static 


é Area = Work transter і- два = Heat transfer 
2 2 
W122 | pov Си-2= [ты 
1 


(a) {b) 
Fig. 3.19 — Representation of werk transfer and heat transfer in quasi-static 
processes on р-р and Г-х coordinates 


Just like displacement work, the heat transfer can also be written as the integral 
of the product of the intensive property Т and the differential change of вп 
extensive property, say X (Fig.3.19b). 


2 
Qa5-] 60- f тах (3.26) 
1 1 


it must also be valid for a quasi-static process only, and the heat wansfer 
involved is represented by the area under the path 1-2 in T—X plat (Fig. 3.19b). 
Heat transfer is, therefore, a path Function, i.e., the amount of heat transferred 
when a system changes from a slate | to a state 2 depends on the path the system 
follows (Fig. 3.19b). Therefore, d 0 is an inexact differential. Now, 


а0-тах 
where X is an extensive property and dX is an exact dilTerential. 
dx = 140 (3.27) 


To make d Q integrable, i.e., an exact differential, it must be multiplied by an 
integrating factor which is, in this case, 1/7. The extensive property 4 is yet to 
be defined, It has been introduced in Chapter 7 and it is called ‘entropy’. 


3.9 Specific Heat and Latent Heat 


The specific heat of a substance is defined as the amount of heat required to 
raise a unit mass of the substance through a unit rise in temperature. The symbol 
c will be used for specific heat. 


+ 


=—© ine kK 
т.М 
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where О is the amount of heat transfer (J), m, the mass of Lhe substance (kg), 
and Ар, the rise in temperature (Е). 

Since heat із not a property, as explained later, so the specific heat is qualified 
with Lhe process through which exchange of heat is made. For gases, if the 
process is at constant pressure, it is Cp: and if ihe process is at constant volume. 
it is c,- For solids and liquids, however, the specific һеш does not depend on the 
process. An elegant manner of delining specific heals, c, and c, in terms of 
properties is given in Secs 4.5 and 4.6. 

The product of mass and specific heat (mc) is called the hear capacity of the 
substance. The capital letter C, C, or Cn is used for heat capacity. 

The latent heat is the amount of heat transfer required to cause a phase change 
in unit mass of a substance at a constanf pressure and temperature, There are 
three phases in which matter сап exist: solid, liquid, and vapour or pas. The 
latent heat of fusion (1. ) is the amount of heat transferred to inclt unit mass of 
solid into liquid, or зо freeze unit mass of liquid to solid. The бшен heat of 
vaporization (f) is Ше quantity of heat required to vaporize unit mass of liquid 
into vapour, or condense unit mass of vapour into liquid. The latent heat of 
subfimation (1, 4) is the amount of heat transferred to convert unit mass af solid 
lo vapour or vice versa. ip is not much alFected by pressure, whereas Aap 15 
highly sensitive to pressure, 


3.10 Points to Remember Regarding Heat 
Transfer and Work Transfer 


(a) Heat transfer and work transfer are the energy interactions. A closed 
system and its surtoundimps can interact in two ways: by heat transfer 
and by work transfer. Thermodynamics studies how these interactions 
bring about property changes in a system. 

(b) The same effect in a closed svslem can be brought about either by heat 
transfer nr by work transfer. Whether heat transfer or work transfer has 
taken place depends on what constitutes the system. 

(c) Both heat transfer and work transfer are boundary phenomena. Both are 
observed at the boundaries of the system, and both represent energy 
crossing Ше boundaries of the system. 

(d) It is wrong fo say "total heut’ or ‘heat content’ of a closed system, 
because heat or work is not a property of the system. Heat, like work, 
cannot be stored by the system. Both heat and work are the energy in 
transit. 

(e) Heat transfer is the energy interaction due to temperature difference only. 
All other energy interactions may he termed as work transfer. 

(f) Вош heat and work are path functions and inexact differentials. The 
magnitude of heat transfer or work transfer depends upon the path the 
system follows during the change of state. 
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SOLVED EXAMPLES 


Example 3.1 Gas from a bottle of compressed helium is used to inflate an 
melastic flexible balloon, originally folded completely flat to a volume of 0,5 
m. If the barometer reads 760 mm Hg, what is the amount of work done upon 
the atmosphere by the balloon? Sketch the system before and afler the process. 
Solution The firm line P, (Fig. Ех. 3.1) shows the boundary of the system 
before the process, and the dotted line P. shows the boundary after the process. 
The displacement work 


W,- | рау» (| ра/-рАР%0 
Balkan Бопе 


= 101.325 EN. x 0.5 m 
m 


= 30.66 Ш 


This is positive because work is done by the system. Work done by the 
atmosphere is —50.66 kJ. Since the wall of the bottle is rigid, there is no p dF- 
work involved in it. 

It is assumed that the pressure in the balloon is atmospheric at all times, since 
the balloon fabric is fight, inelastic and unstressed. If the balloon were elastic 
and stressed during the filling process, ihe work done by the gas would be 
greater than 50.66 К] by an amount equal to the work done in stretching the 
balloon, although the displacement work done by the atmosphere is still 
- 50.66 kJ. However, if ihe system includes both the gas and the balloon, the 
displacement work would be $0.66 kJ, as estimated above. 


A Р; 
o Final volume 


a7" of balloon = 0.5 m? 


Balloon 
ау ftat 


Р = 760 тт 
= 101.325 eae 
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Example 3.2 When the value of the evacuated bottle (Fig. Ex, 3.2) 1s opened, 
atmospheric air rushes into it. If the atmospheric pressure is 101.325 kPa, and 
0,6 m" of air (measured at atmospheric conditions) enters into the bottle, 
calculate the work done by air. 


0.6 т? of atm air 


Valva 


‘| — Final boundary 


Pas = 101.325 kPa 


Fig. Ex. 3.2 


Solution The displacement work done by air 


W= | pav+ | рар 
Но 


Free-air 
boundary 
=0+pAF 
= 101.325 kN/m” x 0.6 m? 
= 60.8 kJ 


Since the free-air boundary 15 contracting, the work done by the system is 
negative (AV being negative), and the surroundings do positive work upon the ' 
system. 


Example 3.3 А piston and cylinder machine containing a fluid system has a 
stirring device in the cylinder (Fig. Ex. 3.3). The piston is frictionless, and it is 
held down against the fluid due to the atmospheric pressure of 101.325 kPa. The 
stirring device ts tumed 10,000 revolutions with an average torque against the 
fluid of 1.275 та", Meanwhile the piston of 0.6 m diameter moves out 
0.8 m. Find the net work transfer for the system. 


/-Зүшівт нот. ш 


(i ра 101.32 КРа 


Fig. Ex. 3.3 
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Solution Work done by the stirring device upon the system (Fig. Ех. 3.3). 
W,-2x TN 
= 2x x 1.275 x 10,000 Nm 
= RO kJ 
This is negative work for the system. 
Work done by the system upon the surroundings 
= 101.325 КЎ 
m 
= 22.9 КІ 


This is positive work for the system. Hence, the net work transfer for the 
system 


x (0.6) m^ x 0.80 m 


W-W,*W,--80-229--57.1 К] 


Example 3.4 Тһе following data refer to a 12-cylinder, single-acting, two- 
stroke marine diesel engine: 
Speed—150 rpm 

Cylinder diumeter— 0.8 m 

Stroke of piston— 1.2 m 

Arca of indicator diagram—s.5 x 10 * т> 

Length of diagram—0.06 т 

Spring value— 147 MPa per т 

Find ihe net rate of work transfer from the gas to the pistons in kW. 


Solution Mean effective pressure, р, is given by 


Pm = "m х spring constant 


d 
= 5510“ m^ іа MPa 
0.06 m 
= 1,35 MPa 
One engine cycle is completed in twa strokes of the piston or one revolution 
of the crank-shaft 
г. Work done іп one minute 


= p, LAN 
-135x 5 (оу х 1.2 х 150 = 122 MJ 


Since the engine is single-acting, and it has 12 cylinders, each contnbunng 
an equal power, the rate of work transfer from the gas to the piston is given by 
W = 122 x 12 MJ/min 
= 24.4 M/s 
= 24.4 MW = 24,400 kW Ans. 
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Example 3.5 It is required to melt 5 tonnes/h of iron from a charge at 15°C to 
molten metal at 1650°C. The melting point is 1535°C, and the latent heat is 270 
kJ/kg. The specific heat in solid state is 0.502 and in liquid state (29.93/atomic 
weight) kJ/kg К. If an electric furnace has 70% efficiency, find the kW rating 
needed. If the density in molten state is 6900 kg/m? and the bath volume is three 
times the hourly melung rate, find the dimensions of the cylindrical furnace if 
the length to diameter ratio is 2. The atomic weight of iron is 56. 

Solution Heat required to melt | kg of iron at 15°C to molten metal at 1650°C 


= Heat required to raise the temperature from 15°C to 1535°С 
+ Latent heat + Heat required to raise the temperature from 
1535?C to 1650°C 


= 0.502 {1535 -15) + 270 + 29.93 (1650 — 1535y/56 
= 763 + 270 + 61.5 
= 1094.5 kJ/kg 
Melting rate = 5 x 10° kg/h 
5о, the rate of beat supply required 
= (5 x 10° x 1094.5) kY/h 
Since the furnace has 70% efficiency, the rating of the furnace would be 
_ Rate of heat supply per second 
—  Fumsceeffiency | 


_ 5x10) x 1094.5 


ж * kW . 
0.7 x 3600 217 x 10k Ans 
3 
Volume needed = 3х3х10_ п> = 2.18 m? 
6500 


If d is the diameter and / the length of the furnace 


" di = 218 m 


or A d x 2d = 218 m 
^ 4= 1.15 т 
and [= 2.30 m Ans, 


Example 3.6 fitis desired 10 melt aluminium with solid state specific heat 
0,9 ЕЛСеК, latent heat 390 kJ/kg, atomic weight 27, density in molten state 
2400 kg/m and final temperature 700°C, find out how much metal can be 
melted per hour with the above kW raung. Other data are as in the above 
example. Also, find the mass of aluminium that the above furnace will bold. The 
melting point of aluminium is 660°C. 


Soiution Heat required per kg of aluminium 
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= 0.9 (660 — 15) + 390 + Ae 100 - 660) 
= 580,5 + 390+ 44.3 
= 1014.8 kJ 

Heat to be supplied = КƏ = 1449.7 W/kg 


With the given power, Ше rate at which aluminium can be melted 


2.17 x 10° x 3600 


и 1449.7 ken 
= 5.39 tonnes/h dns. 
Mass of aluminium that can be held in the above furnace 
= 2.18 x 2400 kg 
= 5.23 tonnes Ans, 
REVIEW ONS 
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3.12 
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How can a closed system and is surroundings intetact? What 19 the effect of such 
mieractions оп the system? 

When is work said to be done by a system? 

What are positive and negative work interactions? 

What is displacement work? 


2 
Under what condilions is Ше work done equal to | pi? 
1 


What do you understand by path function and point function? What are exact 
and inexact differentials? 

Show that work 15 à path funclion, and not a property. 

What is an indicator diagram? 

What is mean effective pressure? How is it measured? 

What are the indicated power and the brake power of an engine? 

How does the current flowing through a resistor represent work transfer? 

What do you undersiand by flow work? Is it different from displacement work? 
Why does free expansion have zero work transfer? 

What 15 beat transfer? Wha are ils positive and negarive directions? 

What are adiabatic and dialhermic walls? 

What i5 an integrating factor? 

Show that heat is a path function and not a property. 

What is the difference between work transfer and heat transfer? 

Does Һеш transfer inevitably cause a temperature rise? 
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PROBLEMS 


3.1 


3.2 


3.3 


3,4 


3,5 


3,6 


3.7 


(а) A pump forces 1 m/min of water ho rizontally from an open well to a closed 
tank where the pressure is 0.9 MPa. Compute the work the pump must do 
upon ihe water їп an hour just lo force the water mto Ше tank against the 
pressure, Sketch the system upon which the work is done before and after 
the prucess. 

Ans. 13.31 kJ 

[f the work done as above upon the water had been used solely to raise the 

same amount of water vertically against gravity without change of pressure, 

how many meters would the water have been elevated? 

(c) Lf the work done in (а) upon the water had been used solely to accelerate the 
water fram zera velocity without change af pressure or elevation, what 
velocity would the water have reached? lí the work had been used to 
accelerate thc water from ап initial velocity of 10 m/s, what would Ше final 
velocity have been? 

The piston of an oi! engine, of area 0.0045 m^, moves downwards 75 mm. 

drawing т 0.00028 т? of fresh air from the aimosphere. The pressure in the 

cylinder is uniform during the process at 80 kPa, while the atmaspheric pressure 

19 101,325 kPa, the difTerence being duc to the flow resistance in the induction 

pipe and the inlet valve. Estimate the displacement work done by the air finally 

in the cylinder. 


ib 


so 


Ans. 27 J 
Ап engine cylinder has a piston of area 0.12 m^ and contains gas at a pressure of 
1.5 MPa. The gas expands according to a process which із represented by a 
straight line on а pressure-volume diagram. The Goal pressure is 0.15 MPa. 
Calculate the work done by the gas on the piston if the stroke is 0,30 m. 
Ans, 29.7 kJ. 
A mass of 1.5 kg of air is compressed іп a quasi-static process fom 0.1 MPa to 
0.7 MPa for which pu = constant. The initial density of air is 1.16 kg/m’. Find the 
work done by the piston to compress the air. 
Ans, 251.62 kJ 
A mass of gas is compressed іп a quasi-static process from 80 kPa, 0.1 m? to 0,4 
MPa, 0.03 т”. Assuming that the pressure and volume are related by 
po" = constant, find the work done by the gas system. 
Ans. - 11.83 Е] 
А single-cylinder, double-acting, recipracating water pump has an indicator 
diagram which 15 а rectangle 0.075 m long and 0.05 m high. The indicator spring 
constant 15 147 MPa per m, The pump cuns at 50 rpm. The pump cylinder 
diameter is 0.15 m and the piston stroke is 0.20 m. Find the rate in kW at which 
the piston does work on the water. 
Ans. 43.3 kW 
A single-cylmder, siugle-acting, 4 stroke engine of 0.15 m bore develops an 
judicated power of 4 kW when running at 216 rpm. Calculate the area of the 
indicator diagram that would be obwined with an indicator having а spring 
constant of 25 x 10° N/m?. The length of the indicator diagram is 0.1 times the 
length of the siroke of the engine. 
Ans. 505 mm? 
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3,8 


3.9 


3.10 


3.tl 


3,12 


3.13 


A six-cylinder, 4-stroke gasoline engine 15 run at a speed of 2520 КРМ. The arca 
of the indicator card of one cylinder is 2.45 x 10° mm? and its length is 
58.5 mm. The spring constant is 20 x 10° Nám”. The bore of the cylinders is 
140 mm and the piston sloke is 150 mm, Determine the indicated power, 
assuming that each cylinder contributes an equal power. 
Ans, 243,57 kW 
А closed cylinder of 0.25 m diameter is fined with a Ligh: fricttonless piston. The 
pison 15 retained іп position by a catch m the cylinder wall and the volume on 
one side of the piston contains air at a pressure of 750 kN/m?, The volume on the 
other side of the piston is evacuated. A helical spring 15 mounted coaxially with 
the cylinder m this evacuated space to give a force of 120 M on ihe piston m this 
position. The catch is released and the piston travels along the cylinder until it 
comes to rest aller a stroke of 1.2 m. The piston is then held in its position of 
maximum travel by à ratchet mechanism. The spring force increases linearty with 
the piston displacement to a fina! value of 5 kN. Calculate the work done by the 
compressed air on the piston. 
ins, 3.07 kJ 
А ясап: turbine dnves а ship's propeller through an $ : | reduction gear. The 
average resisting torque imposed by the water on the propeller is 750 x 10° М and 
the shaft power delivered by the turbine to the reduction gear is 15 MW. The 
turbine speed is 1450 rmm. Determine (a) the torque developed by the turbine, (b) 
the power delivered to the propeller shaft, and (c) the net rate of working of the 
reduction gear. 
Ans, 48) 7 = 98.84 km М, (б) 14,235 MW, (c) 0.765 MW 
А fluid, contained in a horizontaj cylinder fitted with a frictioniess leakproof 
piston, 5 continuously agitated by means of à stirrer passing through the cylinder 
cover. The cylinder diameter is 0.40 m. During the stirring process lasting 10 
minutes, the piston slowly moves out а distance of 0.485m against the 
atmosphere. The net work dove by tbe Поши during the process is 2 kJ. The speed 
of the efectnc motor driving the stirrer is 840 mpm. Determine the torque in the 
shah and the power ourput of е motor. 
Ans. 0.08 mH, 6,92 W 
At the beginning of the compression stroke of a two-cylinder internal combus- 
tion engine the air is at a pressure of 101,325 kPa. Compression reduces the 
volume oo 1/5 of its original volume, aud the law of compression is given by 
po^? = constant. If the bare and stroke of each cylinder із 0.15 m and 0.25 m, 
respectively, determine the power absorbed in kW by compression strokes when 
the engine speed is such that each cylinder undergoes 500 compression strokes 
per minute. 
Ans. 17,95 kW 
Determme the total work done by a gas system following an expanjion process 
as showe т Fig. P. 3.13. 
Ans. 2932 МІ 


и т? 
Fig. Р. 3.13 
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A system of volume Р contains a mass m of gas af pressure p and temperature T. 
The macroscopic properties of the system obey the following relationship: 


[р-а ИБ mar 


where а, 5, and Я are constants, 

Obtain an expression for the displacement work done by the system during а 
constanf-temperature expansion from volume Ру w volume Fy. Calculate the 
work done by a system which contains 10 kg of this gas expanding frotn | m? to 
10 m? at a temperature of 293 К. Use the values а = 15.7 x 10° Мт“, $ = 
1.07 x 10 m^, and А = 0.278 kJ/kg-K. 

Ans. 1742.54 KI 
lf a gas of volume 6000 cm and at a pressure of 100 kPa is compressed 
quasistatically according to рі? = consiant until the volume becomes 
2000 ста, determine the final pressure and the work transfer. 

Ans. 900 kPa, 1.2 ЕЈ 
The flow energy of 0.124 m?/min of a Nuid crossing a boundary to a system is 18 
kW. Find the pressure at this point. 
Ans. 764 kPa 
A milk chilling unit can remove heat from the milk at the rate of 41,87 МЛ, 
Heat leaks into Фе milk from the surroundings at an avcrage rate af 
4.187 MI/h. Find the time required for cooling a batch of 500 kg of milk from 
45°C ta 5°С. Take the Ly of milk to be 4.187 ИЕК. 
680 kg of fish at 5°С are to be frazen and stored at-L2°C. The specific heat of 
lish above freezing point is 3.182, and below freezing point is 1.7 ET КЕКЕК. The 
freezing point is — 2°C. and Ihe latent heat of fusion is 234.5 kFkg How much 
heat must be removed to cool the fish, and what per ceni of this is latent heat? 
Ams. 186.28 MJ, 85.6% 
А honzontal cylinder Бей with a sliding piston contains 0.1 m^ of a gas ага 
pressure of | atm. The piston 15 restrained by a linear spring. іп the initia] state, 
ihe gas pressure inside the cylinder just balances the atmospheric pressure of 1 
aim on the outside of the piston and the spring exerts no force on the piston. The 
gas is then heated reversibly until its volume and pressure become 0.16 т” and 2 
alm, respectively. (а) Write the equation for the relation between the pressure 
and volume of the gas. (В) Calculate the work done by the gas. (c) Ol the total 
work done by the gas, how much is done against the atmosphere? How much ts 
done agains the spring? 
Ans. (a) p (Nim) = 2.026 x 10° V — 1.013 10° 
(b) 7,598 J, (c) 5,065 J, 2,533 ] 
Ап elastic sphere таай» has a diameter of L гл and contains a gas al a pressure 
of ] atm. Due to heat transfer the diameter of the sphere soereases to 1.1 m. 
During the heating process the gas pressure inside the sphere is propantional 40 
the sphere diameter. Calculate the work done by ihe gas. 
Ans, 14.4 kJ 
А piston-cylinder device contains 0,05 m of a eas initially в: 200 kPa, At this 
siate, à linear spring having а spring constant of 150 kN/m is touching the piston 
bui exerting no force on it, Now heat is transferred to the gas, causing the piston 
10 rise and to compress the spring unti) the volume inside the cylinder doubles. if 
the cross-secitonal area of the piston is 0.25 m", determine (aj the final pressure 
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inside the cylinder, (b) the total work done by the gas, and (c) the fection of this 
work done against the spring to compress it. 
Ans. (а) 320 kPa, (b) 13 kJ, (c) 3 kJ 
А piston-cylinder device, whose piston is resting on a sei of stops, initially 
contains 3 ke of air at 200) kPa and 27°C. The mass of the piston ts such that a 
pressure of 4) kPa is required to move it. Heal 15 now transferred to the air umil 
its volume doubles. Determine the work done by the air and the total heat 
transferred io the air. 
Ans. 516 kJ, 2674 kJ 


pa " 


First Law of Thermodynamics 


Energy can be in two forms: (a) energy in transit, like heat and work transfer 
observed at the boundaries of a system, and (b) energy in storage, where energy 
is stored either macroscopically by virtue of motion, position or configuration of ` 
the system, or microscapícally in the molecules or atoms constituting the system. 


41 First Law for a Closed System 
Undergoing a Cycle 


The transfer of heat and the performance of work may both cause the same effect 
in a system. Heat and work are different forms of the same entity, called energy, 
which is conserved. Energy which enters a systern as heat may leave the system 
as work, or energy which enters the system as work may leave as heat. 

Let us consider a closed system which consists of a known mass of water 
contained in ап adtabatic vessel having a thermometer and a paddle wheel, as 
shown in Fig. 4.1. Let a certain amount of work H/, - be done upon the system by 
the paddle wheel. The quantity of work can be measured by the fall of weight 
which drives the paddle wheel through a pulley. The system was initially at 
temperature 1), the same as that of atmosphere, and afler work transfer let the 
temperature rise to 1. The pressure is always | atm. The process 1-2 undergone 
by the system is shown in Fig. 4.2 in generalized thermodynamic coordinates X, 
Y. Let the insulation now be removed. The system and the surroundings interact 
by heat transfer till the system returns to the original temperature г, attaining the 
condition of thermal equilibrium with the atmosphere. The amount of heat transfer 
О, , from the system during this process, 2-1, shown in Fig. 4.2, can be 
estimated. The system thus executes a cycle, which consists of a definite amount 
of work input 9, to the system followed by the transfer of an amount of heat 
О. , from the system. It has been found that this HW, - is always proportional to 
the heat 02, |, and the constant of proportionality is called the Joule's equivalent 
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Pulley 


Weight 


Fig. 4.1 Adtabatic work 


or the mechanical equivalent of heat. In the simple example given here, there аге 
only two energy transfer quantities as the system performs a thermodynamic 
cycle. Ifthe cycle involves many more heat and work quantities, the same result 
will be found. Expressed algebraically. 


(E М); ee = J (LO) a. (4. i} 
where / is the /оше"5 equivalent. This is also expressed in the form 
фа = 7jag 


where the symbol } denotes the cyclic integral for the closed path. This is the first 


law for a closed system undergoing а cycle. It is accepted as a general law of 
nature, since no violation of it has ever been demonstrated. 

In the S.I. system of units, both heat and work are measured in the derived 
unit of energy, the Joule. The constant of proportionality, J, is therefore unity 
(f= ] Nm). 

The first law of thermodynamics owes much to ГР. Joule who, during the 
period 1840-1849, cared ont a series of experimenls to investigate the 
equivalence of work and heat. Іп one of these experiments, Joule used an 
apparatus similar to the one shown in Fig. 4.1. Work was transferred to the 


—7UH* К 


Fig. 4-3. Cycle completed by а psie with tiro energy interactions: 
adiabatic work transfer W, followed by heat transfer Qs, 
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measured mass of water by means of a paddle wheel driven by the falling weight. 
The rise in the temperature of water was recorded. Joule also used mercury as the 
fluid system, and later a solid systern of metal blocks which absorbed work by 
friction when rubbed against each other. Other experiments involved the 
supplying of work in an electric current. In every case, he fonnd the same ratio (J) 
between the amount of work and the quantity of heat that would produce identical 
effects in the system. 

Prior to Joule, heat was considered to be an invisible fluid flowing from a body 
of higher calorie to a body of lower calorie, and this was known as the caloric 
theory of heat. It was Joule who first established that heat is a form of energy, 
and thus laid the foundation of the first law of thermodynamics. 


4.2 First Law for a Closed System Undergoing 
a Change of State 


The expression (ЕЙ?) = (ЕО). applies only to systems undergoing cycles, 
and the algebraic summation of all energy transfer across system boundaries is 
zero. But if a system undergoes a change of state during which both heat transfer 
and work transfer аге involyed, the лгі energy transfer will be stored or 
accumulated within the system. If Q is the amount of heat transferred to the system 
and № is the amount of work transferred from the system during the process 
(Fig. 4.3), the net energy transfer (О — W^) will be stored in the system. Energy in 
storage is neither heat nor work, and is given the name internal energy or simply, 
the enerzy of the system. 


Therefore Q-W-AE 
where AE is the increase in the energy of the system 
or G=AE+H (4.2) 


Неге О, W, and AE are all expressed іп the same units (in joules). Energy may be 
stored by a system in different modes, as explained in Article 4.4. 
If there are more energy transfer qnantities involved in the process, as shown 
in Fig. 4.4, the first law gives 
(0+ Q,- QU) 7 AE + (V, + P- W|- Wy 


9, О, 
е" | System О 
у - ғ J =” " 
2 в 3i и” ^ 4 LL? 
3urroundi 2 
i Surroundings 


Fig. 4-3 Heat and work interactions of а Fig. 44 Syrem-mrmoundingi interaction їп 
system wiih ils surroundings in a а process involving many energy 
process | fluxes 
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Energy is thus conserved in the operation. The first jaw is a particular 
formulation of the principle of the conservation of energy. Equanon (4.2) may 
also be considered as the definition of energy. This definition does not give an 
absolute valuc of energy E, but only the change of energy AE for the process. It 
can, however, be shown that the energy has a definite value at every state of a 
system and is, therefore, a property of the system. 


43 Energy-A Property of the System 
Consider а system which changes its state from state | to stale 2 by following the 


path А, and returns from state 2 to state 1 by following the path B (Fig. 4.5). So 
the system undergoes а cycle. Writing the first law for path А 


Qa “AE, +, (4.3) 
and Гог path В 
Qg =AE, + Fp (4.4) 
The processes 4 and В together constitute acycle, for which 
(ЕН), че - (EQ) де 
of Wa t Въ О) + Op 
ағ Q4 - W, = Pb- Og (4.5) 
From equations (4.35, (4.4), and (4.5), it yields 
AE, = -АЕр (4.6) 


Similarly, bad the system returned from state 2 10 state 1 by following the path 
C instead of path В 


AE, =- AE, (4.7) 
From equations (4.6) and (4.7) 
AEg = AE, (4,3) 


Therefore, it is seen that the change in energy between two states of a system is 
the same, whatever path the system may follow in undergoing that change of 
state. If some arbitrary value of energy is assigned to state 2, the value of energy 
al state 1 is fixed independent of the path the system follows. Therefore, every 
has a definite value for every state of the system. Hence, it ts a point function and 
a property of the system. 


— p 


— | 


Fig. 45 Enmpi—-a properH ofa трет 
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The energy £ ts an extensive property. The specific energy, e = Eim (V kg), is 
an intensive property. 

The cyclic integral! of any property is zero, because the final state is identical 
with the initial state. {Е = 0, АУ = 0, etc. So for a cycle, the equation (4.2) 
reduces to equation (4.1). 


4.4 Diferent Forms of Stored Energy 


The symbol E refers to Ше total energy stored та a system, Basically there are two 
modes in which energy may be stored in a system: 

(a) Macroscopic energy mode 

(b) Microscopic energy mode 

The macroscopic energy mode tncludes the macroscopic kinetic energy and 
potential energy of a system. Let us consider a fluid element of mass т having 


the centre of mass velocity F (Fig. 4.6). The macroscopic kinetic energy Ey of 
the fluid element by virtue of its motion is given by 
mV? 

2 


If the elevation of the fluid element from an arbitrary datum is z, then the 
macroscopic potential energy E, by virtue of its position is given by 


Ек = 


Е. = ТЕ? 

The microscopic energy mode refers to Ше energy stored in the molecular and 
atomic structure of Lhe system, which is coiled the molecular internal energy or 
Simply internal energy, customanly denoted hy the symbol ©. Matter is 
composed of molecules. Molecules are in random thermal motion (for a gas) with 
an average velocity v , constantly colliding with one another and with the walls 
(Fig. 4.6). Due to a collision, the molecules may be subjected to rotation as well 


Fig. &.6 Afacroscopie and mirroxopic energy 
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as vibration. They can have translational kinetic energy, rotational kinetic en- 
ergy, vibrational energy, electronic energy, chemical energy and nuclear energy 
(Fig. 4.7). If £ represents the energy of one molecule, then 


Е- тч + ха + Ер + Echem + elecmame ш [nuclear (4.9) 
If M is the total number of molecules in the system, then the total internal 
energy 


U = Ne (4.10) 
Ө к Sazz (>) 
|” , e A 
Mf ч d un s 


(| 
fil = | 


| | / || | a 
а, niu FS uU 
M = 
| 
| 
9o © 
кс 


4 
@ Бы 
Translational KE Rotational KE 
Oz: Ff 
WY | 
(2) 


Nuclear binding energy Electron energy 


Fig. 4.7 Various components of internal energy stored іп а тойсий 


In an ideal gas there are no intermolecular forces of attraction and repulsion, 
and the internal energy depends only on temperature. Thus 
f= f (T) only (4.11) 
for an ideal gas 
Other forms of energy which can also be possessed by a system are magnetic 
energy, electrical energy and surface (tension) energy. In the absence of these 
forms, the total energy E of a system is given by 


E=Ey+Ept+ U (4.12) 
—MÀM— = 
macro писте 


where Еұ, Ер and U refer to the kinetic, potential and internal energy, 
respectively, In the absence of motion and gravity 


Ер =0, £p =0 
E-U 
and equation (4.2) becomes 
Q-AU-W (4.13) 
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Cis an extensive property of the system. The specific internal energy и is equal to 
Лт and its unit is МЕР. 
In the differential forms, equations (4.2) and (4.13) become 


dQ =dE+dW (4.14) 
dQ-dU-dW (4.15) 
where d F= oR yt d F ant D A n 


considering the difTerent forms of work transfer which may be present. When 
only pdF work is present, the equations become 


tO -dE- pdV (4.16) 

tQ - dU + pdF (4.17) 
or, in the integral form 

Q^ AE + | раи (4.18) 

0-Ау- | pdV (4.19) 


4.5 Specific Heat at Constant Volume 


The specific heat of a substance at constant volume c, is defined as the rate of 
change of specific internal energy with respect to temperature when the volume is 
held constant, i.e. 


ди | 
=| == 4.20 
C, | ат ы ( ) 
Fora constant-volume process 
Т. 
(Au), = (е, ат (4,21) 
i; 


The first law may be written for a closed stationary system composed of a unit 
mass of a pure substance 


Q-Au-W 
or dQ -du-c- dH 
For a process in the absence of work other than ра work 
dW-pdV 
- #0 = du + pdr (4.22) 
When the volume is held constant 
(О), = (Au), 


Г. 
(О), = |с, dT (4.23) 


А 
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Heat transferred ай constant volume increases the internal energy of the system. 
If the specific heat of a substance is defined in terms of heat transfer, then 


-(90 
(E) 


Since Q is not a property, this definition does not imply that c, is a property of 
a substance. Therefore, this is not the appropriate method of defining the specific 
heat, although (dQ), = du. 

Since ш, T, and v are properties, c, 1s a property of the system. The product 
mc, = С, is called the heat capacity at constant volume (УК). 


4.6 Enthalpy 


The enthalpy of n substance, Я, is defined as 
k=u+ po (4.24) 
It is an intensive property of a sysiern (kJ/kg). 

Internal energy change is equal to the heat transferred m a constant volume 
process involving po work oiher than pd work. From equation (4.22), it is 
possible to derive an expression for the heal transfer in a constant pressure 
process involving no work other than pdF work. In such a process in a closed 
stationary system of unit mass of a рше substance 


tO = Чи + рф 
At constant pressure 
pdv = бірт) 
p (40), = du + фро) 
or (d), = d(u + pv) 
or {#0}, = dh (4.25) 


where A = м + pu is the specific enthalpy, a property of the systein. 
Heat transferred at constant pressure tocreases the enthalpy of a system. 
For an ideal gas, the enthalpy becomes 


A=ut+RT (4.26) 


Since the méemal energy of an ideal gas depends only on the temperature 
(Eq. 4.11), the enthalpy of an ideal gas also depends on the lemperature only, i.e. 


A = (T) only (4.27) 
Тош] enthalpy A = mh 
Also A=U+ pr 
and h = Him (kg) 


4.7 Specific Heat at Constant Fressure 


The specific heat at constant pressure c, is defmed as the rate of change of 
enthalpy with respect to temperature when the pressure is held constant 
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dh 
Ep Gr), (4.28) 


Since ^, T and р are properties, so c, is a property of the system. Like cy, с 
should not be defined in terms of heat transfer of constant pressure, although 


(dQ), = dh. 
For a constant pressure process 


Г. 
(Ah), = | ¢,-dT (4.29) 
j 


The first law for a closed stationary system of unit mass 


tO = ды + pdt 
Again A=ut pe 
^ dh = du + pdF + vdp 
= dQ + dp 
КА ФО = dh рар (4.30) 
г, (tO), = dh 
ог (Q), = (АЯ), 
^. From equations (4,19) and (4.20) 
Т. 
(Dy= Je, ar 
7 


c, is a property of the system, just like e, The Леп capacity at constant pressure 


C, is equal to mc, (J/K). 
48 Energy of an Isolated System 


Án isolated system is one in which there is no interaction of the system with the 
gurroundings. For an isolated system, dO =0, TW = 0. 
The first law gives 
dE = 0 
or Е = constant 
The energy of an isolated system is always constant. 


49 Perpetual Motion Machine of the First Kind -PMMI 


The first jaw states the general principle of the conservation of energy. Energy is 
neither created nar destroyed, but only geis transfarmed from one form to 
another. There can be no machine which would continuously supply mechanical 
work without some other form of energy disappearing simultaneously (Fig. 4.8). 
Such a fictitious machine is called a perpetual motion machine of the first kind, 
or jn brief, РММІ. 4 РММ? is thus impossible. 
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The converse of the above statement 15 also true, 1.e., there can be no machine 
which would continuously consume work without some other form of energy 
appearing simultaneouslv (Fig. 4.9). 


Fig. 4.8 A РММ! Fig. 4.9 The converse of РММ 


4.10 Limitations of the First Law 


The first law deals with the amounts of energy of various forms transferred 
between the system and its surroundings and with changes in the energy stored іп , 
the system. It treats work and heat interactions as equivalent forms of energy in 
transit and does not indicate the possibility of a spontaneous process proceeding 
in a certain direction. И is the second law which assigns a quality to different 
forms of energy, and also indicates the direction of any spontaneous process. 


SOLVED EXAMPLES 


Example 4.1 А stationary mass of gas is compressed without friction from an 
initial state of 0.3 m? and 0.105 MPa to a final state of 0.15 m? and 0.105 MPa, 
the pressure remaining constant during the process. There is a transfer of 37.6 kJ 
of heat from the gas during the process. How much does the internal energy of the 
gas change? 
Solution First law for a stationary system in a process gives 

Q-AU-W 


ог Qi- = h- Ut Pia (1) 


Here 


K 
Wi: = [pav = pty, -И) 
d 

= 0.105 (0.15 — 0.30) MJ 


=— 15.75 К] 
0з--376 kJ 
„. Substituting in equation (1) 
— 37.6 k] = U, - М — 15.75 kJ 
D- U=- 21,85 К] Ans. 
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The internal energy of the gas decreases by 21,85 kJ in the process. 


Example 4.2 When а system is taken from state a to stale В, in Fig. Ex. 4.2, 
along path ach, 84 kJ of heat flow into the system, and the system does 32 kJ of 
work. (a) How much will the heat that flows into the system along pathadh be, if 
the work done is 10.5 КГ? (b) When the system is returned [rom 5 to а along the 
curved path, the work done on the system ts 21 kJ. Does the system absorb ог 
liberate heat, and how much of the heat is absorbed or liberated? (c) 107, = 0 and 
U,7 42 kJ, find the heat absorbed in the processes ad and db. 


———qe- ы 
Fig, Еш, 4,2 
olution 
Gach = 84 kJ 
Wo = 32 К] 
We have 
Qus = О 
". Lh- Ц, = 84 - 32 = 52 kJ Ans, 
(a} Quo = UL Ua t Wu, 
= 52 + 10.5 
= 62.5 К] Ans. 
(b) ал U,- ULT B8, 
--—52-2] 
=—73 К] Ans, 
The system liberntes 73 kJ of heat. 
(c) Was = Fat Wa = Fa 10.5 К] 
i Üa = Va- Ut Вы 
= 42-0 + 10.5 = 52.5 К] 
Now Qus = 62.5 KJ = Qu + Op, 


Oy, = 62.5 – 52.5 = 10 kJ Ans. 


Example 43 A piston and cylinder machine contains a fluid system which 
passes through a complete cycle of four processes. During a cycle, the sum of ail 
heat transfers is -170 kJ. The system completes 100 cycles per min. Complete the 
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following table showing the method for each item, and compute the псі rate of 
work output in kW. 


Process О (kimin) W (Еті) AE (kimin) 
a-b 0 2,170 — 
b-c 21,000 0 — 
с- -2,100 — -36,600 
d-a — — — 
Solution Process а-Б: 
О=АЕ + F 
O-AE 2170 
ы, AE = -2170 kJ/min 
Process 6—c: 
Q=AE+W 
21,000- AE T 0 
г. AE «21,000 Ш/тіп 
Process с: 
О=АЕ+ И 
— 2100 = — 36,600 + F 
2, F = 34,500 КІлпіп 
Process а-а: 
УО =-170Е] 
cycle 


The system completes 100 cycles/min. 
V Qu + бы + Qeat Qu = - 17,000 ЕИтт 
О + 21,000 — 2,100 Q4, = – 17,000 
On = – 35,900 КІЛпіп 


Now j АБ = 0, since cyclic integral of any property is zero. 
ДЕ „+ АЁ. + АЕ, 4 + АЕ), =0 
~ 2,170 + 21,000 — 36,600 + AZ, = 0 
z^ AE, = 17,770 Юп 


Wu = Qu; т AEs, 
= — 35,900 — 17,770 


= — 53,670 Ети 
The table becomes 
Process Q (kI/min) W (КРТпіп) AE (kJ/min) 
a-b 0 2,170 - 2,170 


b-c 21,000 0 21,900 
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c-d - 2,100 34,500 - 36,600 
d-a - 35,900 - 52,670 17,770 
Since | 
Rate of work output Уо- Уж 
сую cycle 
= — 17,000 kJ/min 
= ~ 283.3 kW Ans. 


Exemple 44 The internal energy of а ceriain substance is given by the 
following equation 


и = 3.56 po + 84 
where и is piven in kJ/kg, p is in kPa, and v is in пр. 

A system composed of 3 kg af this substance expands from an initial pressure 
of 500 kPa and а volume of 0.22 m to a final pressure 100 kPa іп а process in 
which pressure and volume are related by ри"? = constant, 

(a) If the expansion is quasi-static, find Q, АҒА and W for the process. 

(b) In another process the same system expands according to the same 

pressure-volume relationship as in part ќа}, and from the same initial state 
to the same final state as in part (а), but the heat wansfer in this case is 30 
kJ, Find the work ransfer for this procesa, 

(c) Explain the difference in work transfer in parts (a) and (b). 

Solution 
(a) и = 3.56 pv + 84 

Au = u -— ну = 3.56 (p, U, — p vi) 
as AU 2 3.56 ір, Р-р.) 


Now Pi Zn = рой." 
171.2 141.2 
и, = з = 022) 
Pi | 


= 0.22 x 3.83 = 0.845 m? 
J AU = 356 (1 x 0.845 – 5 x 0.22} kJ 


= —356 x 0.255 =-91 kJ Ans. (a) 
For а quasi-stalic process 
W= | par = ра? - p, 
1-т 
1 хХ94845-5х 0.22)100 _ 1275 К! 
1 - 1.2 
Q-AU-W 


=- 91+ 127.5 = 36,5 KJ Ans. (а) 
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(b) Here Q = 30 kl 
Since the end states are the same, AU would remain the same as in (a). 
W-Q-AU 
= 30 - (-91) 
= 121 kJ Ans. (b) 


(c) The work in (b) is not equal to | РАР since the process is not quasi-static. 


Example 4.5 A Quid is confined in a cylinder by a spring-loaded, frictionless 

piston so that the pressure in the fluid is a linear function of the volume 

{р = а + SP). The intemai energy of the fluid is given by the following equation 
U=344 3.15 рр 

where Cis in kJ, p in kPa, and F in cubic metre. if the fluid changes from ап 

initial state of 170 kPa, 0.03 пл? to а final state of 400 kPa, 0.06 m?, with no work 


other than that done on the piston, Bind the direction and magnitude of the work 
and heat transfer. 


Solution The change in the internal energy of Lhe fluid during the process. 
Uz- U, = 3.15 (pF; - p, V) 
-3215(4х<006- 1.7 x 0.03) 
= 315 x 0.189 = 59.5 К] 
Now 
p-actbF 
170 =a +b x 0.03 
.400 = a + 6% 0.06 
From these two equations 
а = – 60 kN/m? 
b = 7667 kN/m’ 
Work transfer involved during the process 


F- F- 
Fi- = [pav = (а + AF)dF 
7 Я 
и-и? 
2 
А b 
= (7 а 206 чи) 


-а(,-И)%5 


= 0.03 | -60 kN/m? + 7667 kN 
т 


2 — х 0.09 т? | 


= 8.55 kJ 
Work is done by the system, the magnitude being 8.55 kJ. 


First Law af Thermodynamics = 77 


^. Heal transfer involved is given by 


Qia = La- Я.) 
= 59.5 + 8.55 
= 68,05 К] 


68.04 ЕЈ of heat flaw into the system dunng the process. 


REVIEW QUESTIONS 


41 Staie the first law fora closed system undergoing a cycle. 
4.2 What was the conmibutieu of J.P. Joule in establishing the first law? 
43 What is the caloric theory of heat? Why was it rejected? 
4.4 Which is the property introduced by the first law? 
4.5 Slate the fire) law for a closed system undergoing а change of state. 
4.6 Show that energy is a property of a system. 
4.7 What are Ше modes in which energy is slored in а sysein? 
48 Defme пегла energy. How is energy stored in molecules aad atoms? 
49 What is the difference between the standard symbols of E and 1/7 
4.10 What із the difference between heat and internal energy? 
4.11 Define enthalpy. Why does the enthalpy of an ideal gas depend only on 
temperature? 
4.12 Define the specific heats at constant volume and constant pressure. 
4,13 Why should specific heat not be defined in terms of heat transfer? 
4,14 Which property of a system increases when heat is transferred: {u} at constant 
volume, (0) al constant pressure? 
4.15 What is а PMM1? Why is it impossible? 
PROBLEMS 
41 An engine is tested by means of a water broke at 1000 rpm. The measured torque 
of the engine 1% 10000 mÀ and the water consumption of the brake is 0.5 m 315, its 
inlet teraperature being 20°C, Calculate the water temperature at exit, assuming 
that the whole of the engine power is ultimately transformed inta heat which is 
absorbed by the cooling water. 
Ans. 205°C 
4,2 Ша cyclic process, heat transfers are + 14.7 kJ, — 25.2 kJ, — 3.56 kJ and 
+ 31.5 kJ. What is the net work for this cycle process? 
Янв. 17.34 К] 
4.3 А slow chemical reaction takes piace in a fluid al the constant pressure of 0,1 


MPa. The Quid is surrerunded by a perfect heat insulator during the reaction which 
begins at state 1 and ends at state 2, The insulation is then removed and 105 kJ o£ 
heat flow to Ше surroundings as the fluid goes to stote 3. The following dar are 
observed for ihe Аша 21 states 1, 2 and 3, 


State Fim’) ҚС) 
і 0.003 20 
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4.4 


4.5 


4.6 


4.7 


4.6 


49 


4.10 


All 


2 0.3 370 
3 0.06 20 
For the fluid system, calculate Е, and E, if E; = 0 
Ans, E57 — 29.7 kJ, Е, = — 110.7 kJ 
During ee cycle the working fluid in an engine engages іп two work 
interactions: 15 kJ to the fluid and 44 kJ from the Пија, and three heat 
interactions, two of which are known: 75 kJ to the fluid and 40 kJ from the Под. 
Evaluate Ше magnitude and direction of the third heat transfer. 
Ans. - 6 kJ 
A domestic refrigerator is loaded with food and the door сізді. During a certain 
репой the machine consumes 1 kW h of energy and the intemal energy of the 
system drops by 5000 kJ. Find the net heat transter for the system. 
Ans. - 2.6 МЈ 
1.5 kg of liquid having а constant ppecific heat of 2.5 kJ/kg K is stirred in a well- 
insulated chamber causing the temperature to rise by 15°C. Find AE and for 
the process. 
Ans. AE = 56.25 КЛ Ғ-- 56.25 kJ 
The same liquid аз іл Problem 4.6 is stirred in a conducting chamber. During the 
process 1.7 kJ o£ beat are transferred (rom the liquid to the surroundings, while 
the temperature of the liquid is rising by 15°C. Find AE and WF for the process. 
Ans, АЕ = 36.25 kJ, F = 57.95 К] 
The properties of a certain fluid are related as follows 
н = 196+ 0.718 f 
po = 0.287 (t 273) 
where y is the specific internal energy {kJ/kg}, £ ìs in °С, p is pressure (kNim*}, 
and v is specific volume (m?/kg). 
For this fluid, find c, and c, 
Ans. 0.718, 1.005 КИК K 
A кучы composed of 2 kg of lhe above fluid expands m a frictionless piston and 
cylinder machine from an initial state of i MPa, 100°C io а final temperature of 
30°C. ІҒлһете is no heat transfer, find the net work for ihe process. 
Аяз. 100.52 К] 
[f all the work іп the expansion of Problem 4.9 is done on the moving piston, 
show that the equation representing the path of the expansion in the pe plane is 
given by ру = constant. 
А Stationary system consisting of 2 kg of the Пи of Problem 4.3 expands іп an 
adiabatic process according to ро = constant. The initial conditions are 1 MPa 
and 200°C, and the final pressure is 0.1 MPa, Find FF ard AU for the process, 


Why 18 ihe work transfer not equal to | РАК? 


Ans. № = 216.83, AU = -216,83 EJ, J pdr = 434.4 kJ 


А mixture of gases expands at constant pressure from 1 MPa, 0.03 m? to 0.06 m 
with 84 kJ positive heat Wansfer. There is no work other than that done on а 
piston. Find A E for the gaseous mixture. 
Ans. 54 Е} 
The same mixture expands through the same state path while a sürring device 
does 21 KJ of work on the system. Find AE, F, and 0 for the process. 
Ans. 54 kJ, - 21 KJ, 33 К] 


4,13 


4.14 


4.15 


4.16 


4.17 
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А mass of 8 kg gas expands within a (lexible conrainer so tha! the p-v 
relationship is of the form ро"? = consi. The initial pressure is 1000 kPa and the 
initia! volume is 1 m^. The бла pressure is 5 kPa. If specific internal energy of 
the gas decreases by 40 kJ/kg, find the heat transfer іп magnitude and direction. 
Ans. + 2615 К] 
A gas of mass 1.5 kg undergoes a quasi-static expansion which follows а 
Telalonship p = a+ bF, where a and b are constantis, The initial and final 
pressures are 1000 kPa and 200 kPa respectively amd the corresponding volumes 
аге 0.20 m^ and 1.20 m. The specific internal energy of the gas is given by the 
relation 
u-l5pp-85kVkg 

where p is in kPa and Y is in m ‘kg. Calculate ihe nel heat Lransfer and the 
maximum intemal energy of the gas atiained during expansion. 

Ans. 660 К]. 503.3 ki 
The heat capacity ағ constant pressure of a certain system is а function of 
temperature only and may be expressed as 


С. = 2.093 + 4187 ук 
1+ 100 


mE 


where fis lhe temperature of the system in °С. The system is heated while it 
is maintained ai a pressure of 1 atmosphere until its volume increases from 
2000 ст? to 2400 cm? and its temperature increases from 0°С oo 100°C. {а} Find 
Ube magnitude of the beat interaction. (b) How much does Ше intemal energy of 
the system increase? 
Ans. (a) 228.32 ib) 197,79) 
An imaginary engine receives heat and does work on a slowty moving piston at 
such mtes that the cycle of operation of і kg of working fluid can be represented 
às a circle 10 ст wm diameter on a p-v diagram on which | em = 300 kPa and 
1 ет = 0.1 m^ kg. (а) How much work is done by each kg of working Пан For 
each cycle of operation? (b) The thermal efficiency of an engine is defined as the 
ratio of work done and heat input in a сусе, ifthe heat rejected by the engine in 
8 cycle is KIO kJ per kg of working fluid, what would be its thermal efficiency? 
das, (а) 2356.19 kJ/kg, (b) 0.702 
А gas undergoes в thermodynamic сусіе consisting of lhree processes beginning 
al an initial state where p, = 1 bar, Р = 1,5 ш? and = 512 kJ. The processes 
are as follows: 
(i) Process 1-2: Compression wilhpF = constant top, = 2 bar, U, =490 kJ 
ш) Process 2-3: И, = 0, Qa =- 150 ЕТ, and 


(ш) Process 3-1: W, =+ 50 kJ. Neglecting KE and PE changes, determine 


4.18 


the heat inleractions (2, and Chy- 
Ans. 74 kJ, 22 KI 
A gas undergoes a thermaynamic cycle bu of the follawing processes: 
(i) Process I-2: Consipnt pressure p = 1.4 Іш, F, = 0.028 mi, Ж. = 10.5 КТ. 
(ii) Process 2-3: Compression with pF = constant, UF, = L^, (il Process 2-І: 
Coustant volume, C, — Е = - 26.4 KI. There ate rio significant changes іп КЕ 
and РЕ. (a) Sketch Ше cycle on a p-V diagram. (b) Calculate the net work for the 
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4,19 


4.20 


421 


4.22 


cycle in kJ. (c) Calculate the heat transfer for process 1-2 (d) Show that 
LO= IF, 
е cmi Ans. (b) ~ 8.28 №, (c) 36.9 kJ 
A сегініп gas of mass 4 kg is conwined within a piston cylinder assembly. The 
gas undergoes a process for which pF! * = constant. The initial тіне із piven 
by 3 bar, 0.1 m`. The change in internal energy of the gas in the process is 
Wy — м = — 4.6 КУКЕ. Find the net heat transfer for the process when the final 
valume is 0.2 m”, Neglect the changes in KE and PE, 
Ans. — 0.8 КТ 
An electric generator coupled to a windmill produces an average electrical power 
output of 5 kW. The powcr is used to charge а storage banery. Heat tranafer from 
the battery to the surroundings occurs at a constant rate of 0.4 kW. Determine the 
total amount of energy stored in the battery in 84 af operation. 
Ans. 1.27 x 10’ kJ 
А gas in a piston-cylinder assembly undergoes two processes in series. From 
state 1 to slate 2 there 15 energy transfer by beal to the gas of 500 ЕТ, and the gas 
does work an the piston amounting 400 kJ. The second process, from state 2 to 
stale 3,18 a constant pressure compression at 400 kPa, during which there is a 
heat transfer from the gas amounting 450 ЕР The following data are also known: 
U, = 2000 kJ and LU, = 3500 KJ. Neglecting changes in KE and PE, calculate the 
change in volume of the gas during process 2-3. 
Ans. — 5,625 шт 
Au is contamned in a rigid well-insulated tank with a volume of 0.2 п’. The tank 
ts fitted with a paddle wheel which transfers energy to the air at a constant rare of 
4 W for 20 min. The initial density af the air is 1.2 kg/m". if no changes із KE or 
PE occur, determine ѓа) the specific volume at Ше final stale, (b) the change in 
specific internal energy of the air. 
Ans. (а) 0.833 пуле, (b) 20 kJ/kg 


First Law Applied to 
Flow Processes 


5.1 Control Volume 


For any system and іп any process, the first law сап be written as 
Q-AE-W 


where E represents all forms of energy stored in the system. 
For a pure substance 


E=Ey+Ept+U 
where Ах is the К.Е, Ep the P.E., and U the residual energy stored in the 
molecular structure of the substance. 


О = АЕ + АЕ, AU* W (5.1) 


When there is mass transfer across the sytem boundary, the system is called ап 
open system. Most of the engineering devices are open systems involving the 
flow of fluids through them. 

Equation (5.1) refers to a system having a particular mass of substance, and is 
free to move from place to place. 

(Consider a steam turbine (Fig. 5.1) in which steam enters at a high pressure, 
does work upon the turbine rotor, and then leaves the turbine at low pressure 
through the exhaust pipe. 

If a certain mass of steam is considered as the thermodynamic system, then the 
energy equation becomes 

Q-AE, T AE; AU - W 
and in order to analyze the expansion process in turbine the moving system is to 
be followed as it travels throngh the tnrbine, taking into account the work and 


heat interactions all the way through. This method of analysis is similar to that of 
Langrange in fluid mechanics. 
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| Moving gyetem 
1 


) | Control surface 
тш 


ч b 
з -- Exhaust pipe 


Fig. 5.1 Flow process involving work and Asai interacitons 


Although the system approach is quite valid, there is another approach which 
is found to be highly convenient. Instead of concentrating attention upon 4 certain 
quantity of fluid, which constitutes a moving system in flow process, attention is 
focussed upon a certain fixed region in space called a control volume through 
which the moving substance flows. This is similar to the analysis of Euler in fluid 
mechanics. 

To distinguish the two concepts, it may be noted that while the system (closed) 
bonndary usually changes shape, position and orientation relative to the observer, 
the control volnme boundary remains fixed and unaltered. Again, while matter 
usually crosses the control volume SUAN no such flow occurs across the 
system boundary. 

The broken line in Fig. 5.1 represents the surface of the contro] volume which 
is known as the control surface. This is the same as the system boundary of the 
open system. The method of analysis is to inspect the control surface and account 
for all energy quantities transferred through this surface. Since there is mass 
transfer across the control surface, a mass balance also has to be made. Sections 
1 and 2 allow mass transfer to take place, and О and WW are the heat and work 
interactions respectively. 


5.2 Steady Flow Process 


As a fluid flows through a certain control volume, its thermodynanic properties 
may vary along the space coordinates as well as with time. If the rates of [low of 
mass and energy through the control surface change with time, the mass and 
energy within the control volume also would change with time. 

‘Steady flow’ means that the rates of flow of mass and energy across the 
control surface are constant, 

In most engineering devices, there is a coostant rate of flaw of mass and energy 
through the control surface, and the control volume in course of time attains à 
steady state. Af rhe steady state of a system, any thermodynamic property will 


M 
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have а fixed value at a particular location, апа wili nat alter with time. 
Thermodynamic properties may vary along space coordinates, but do not vary 
with time. ‘Steady state" means that the state is steady or invariant with time. 


5.3 Mass Balance and Energy Balance in a 
Simple Steady Flow Process 


In Fig. 5.2, a steady flow system has been shown in which one stream of fluid 
enters and one stream leaves the cootrol volume. There is no accumulation of 
mass or energy within the contro] volume, and the properties at any location 
within the control volume are steady with time, Sections 1.1 and 2.2 indicate, 
respectively, the entrance and exit of the fluid across the canto! surface. The 
following quantities are defined with reference to Fig. 5.2. 


ғо 
йт 


” a г" E ИГІ à 
Fig. 52 Steady flow Procesr 


А, A,—cross-section of stream, тг 

нд, Н — mass Aow rate, kg/s 

Pp P;—mpressure, absolute, N/m? 

7,, 7 specific volume, mkg 

цу, uy—specific internal energy, J/kg 

Yi: ¥2— velocity, m/s 

21, Z,—^clevation above an arbitrary datum, m 


40 


ar C" Tate of heat transfer through the control surface, J/s 


а i —Tnet rate of work transfer through the control surface, Js 


exclusive of work done at sections ! and 2 in transfernng the fluid through the 
control surface. 
t—hme, 5. 


Subscripis 1 and 2 refer to the inlet and exit sections. 


F 
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5.3.1 Mass Balance 


By the conservation of mass, if there is no accumulation of mass within the control 
volume, the mass flow rate entering must equal the mass [Tow rate leaving, or 


D. и; 


This equation is known as the equation of continuity. 


5,3,2 Energy Balance 


In a flow process, the work transfer may be of two types: the externa? work and 
the flow work. The external work refers to all ihe work transfer across the control 
surface other than that due to normal fluid forces. In engineering thermodynamics 
the only kinds of extemal work of importance are shear (shaft or stirringjework 
and electrical work. [n Fig. 5.2 the only external work occurs in the form of shaft 
work, Ж,. The (low work, as discussed in Sec. 3.4, is the displacement work done 
by the fluid of mass din, at the urlet section 1 and that of mass dat, at the exit 
section 2, which are (-p,v,din,) and (+p,0,dm,) respectively. Therefore, the total 
work transfer is given by 


W = W, -pdm + руйт, (5.3) 
іп the rate form, 
aw ав, dmi dm, 
LL = - — + 
т dr "Сат P22 ae 
ағ Па ИК 
or df - dr = Wap T ұғар: (5.4) 


Since there is no accumulation of energy, by the conservation of energy, the 
toLat rate of (low of all energy streams entering the control volume must equal the 
total rate of Ftow of all energy streams leaving the control volume. This may be ` 
expressed in the following equation. 


й am 


Substituting for єє from Eq. (5.4) 


ас) OF. 
we, + — = We + — - wD, + мар, 
€T ar 2&3 dt „ЛШ 52205 


(5.5) 


d 

нгі + № о + 32 ewe tw Y, + А 
121 wy") ar 2€; T "ӘР: dt 

where e, and e, refer to ihe energy carried into or out of the control volume with 

unit mass of fluid. 
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The specific energy e is given by 
= _ кр + (5.6) 
Substituting Ше expression for e in Eq. (5.5) 


vi d 
Wi e 218 + 3 + Wip + "e 


ү? d FF. 
-” e zen) nn X 


dT 
v? ао 
or | wi | A + — + Zoe | + —* 
[5 2 «| dt 
ти ЖАЛАУ + Sh (5.7) 
2 > & ат . 
where А = ы + pr. 
- dm 
Ánd, since Wa = Wa, letw=w =w- 


Dividing Eq. (5.7) by = 


у? dQ 
h + — + Zg + Е 
І 2 18 dm 


Vi аҥ, . 


Equations (5.7) and (5.8) are known as steady flow energy equations 
(S.F.E.E.), for a single stream of [luid entering and a single stream of fluid leaving 
the control volume. All the terms in Eq. (5.8) represent energy Now per unit masa 
of Пша (Кр) whereas all the terms іп Eq. (5.7) represent energy flow per unit 
time (J/kg). The basis of energy flow per unit mass is usually more convenient 
when only a single stream of fluid enters and leaves a control volume. When more 
than one fluid stream is involved the basis of energy flow per unit time is more 
convenient. 

Equation (5.8) can be written in the m ou form, 


Q-W,-(, -h)* М — +, - 2) (5.9) 


where @ and F, refer to energy transfer per unit mass. In the differential form, 
the SFEE becomes 
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O- dW, =dk+ VdV + gdZ (5.10) 
When more than one stream of fluid enters or leaves the control volume 
(Fig. 5.3), the mass balance and energy balance for steady flow are given below. 


Е {з 


| dV, 
| " dr 
* 2 
Wa =) E- Wa 
4-1 1 
1 | E. iC ЛЗ р 7 u 
i £ — 00. С.5. ы 


бт 


Fig. 53 Steady flow process involving two fluid streams at the 
inlet and exit of ite control volume 


Mass balance 


М + Ws = WO t (5.11) 
AN, Р 4,У, _ АМ, NE (5.12) 
7 и, 9; о, 


Energy balance 


2 2 


ё 4 


The steady flow energy equation applies to a wide variety of processes like 
pipe line flows, heat transfer processes, mechanical power generation in engines 
and turbines, combustion processes, and flows through nozzles and diffusors. In 
certain problems, some of the terms in steady [low energy equation may be 
negligible or zero. But it is best to write the full equation first, and then eliminate 
the terms which are unnecessary. ` 


5,4 Some Examples of 5teady Flow Processes 


The following examples illustrate the applications of the steady (low energy 
equation in some of the engineering systems. 


5.4.1 Nozzle and Diffusor 


А nozzle is a device which increases the velocity or К.Е. of a fluid at the expense 
‚ OF its pressure drop, whereas а diffusor increases the pressure of a fluid at the 
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expense of its К.Е. Figure 5.4 shows a nozzle which is insulated. The steady flow 
energy equation of the control surface gives 


№ “- Insulaben 


Fig. 5.4 гайр flow process інейігілг one fiuid stream at 
the inlet and a£ exit of the control volame 


re 26 =0, OA. = 0, and the change in potentia! energy 15 zero. 
m 
The equation reduces to 
ү ү; 
А,--Ш- = А 2 5.14 
те shy + (5.14) 
The continuity equation gives 
w= АУ, _ ФУ, (5.15) 


4 05 
When the inlet velocity or the ‘velocity of approach’ V, is small compared іо 
the exit velocity Y, Eq. (5.14) becomes 


vi 
h =h, + 
2 


ог ү,-У2(% — 5) m/s 
where (h, — h+) is in J/kg. 
Equations (5.14) and (5.15) hold good for a diffusor as well. 


5.4.2 Throttling Device 


When a fluid flows through a constricted passage, like a partially opened valve, 
an orifice, or a porous plug, there is an appreciable drop in pressurc, and the flow 
is said to be throttled. Figure 5.5 shows the process of throttling by a partially 
opened valve on a fluid flowing іп an insulated pipe. In the steady-flow energy 
Eq. (5.8), 
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тете 
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Fig. 5.5 Flow through a valve 


and the changes in P.E. are very small and ignored. Thus the S.F.E.E. reduces to 
v? vi 
+ = + 2 
_ oe 4a 
Often the pipe velocities in throttling are so low that the K.E.terms are also 
negligible. So 
or the enthalpy of the fluid before throttling is equal to the enthalpy of the fluid 
afier throttling. 


5.4.3 Turbine and Compressor 


Turbines and engines give positive power output, whereas compressors and 
pumps require power input. 

For a turbine (Fig. 5.6) which is well insulated, the flow velocities are often 
smali, and the К.Е. terms can be neglected. The 5.Ғ.Е.Е. then becomes 


Fig. 5.6 Flow through a turbine 
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4 
EISE 
Г dm 
or Pr = (h, - hy) 
m 


It is seen that work is done by the fluid at Lhe expense of its enthalpy. 
Similarly, for an adiabatic pump or compressor, work is done upon the fluid 
and Wis negative. So the S.F.E.E. becomes 


or — =, – 
т 
The enthalpy of the fluid increases by the amount of work input. 


54.4 Heat Exchanger 


A heat exchanger is a device in which heat is transferred from one fluid to another. 
Figure 5.7 shows a steam condenser, where steam condensers outside the tubes 
and cooling water flows through the tubes. The S.F.E.E. for the C.S. gives 


Fig. 5.7 Steam condenser 


w, Ay T wh; - We hy + Wi A, 
or WA, — Ag) = w, (Ay ~ hi) 

Here the К.Е, and Р.Е. terms are considered small, there is no external work 
done, and energy exchange in the form of heat is confined only between the two 
fluids, i.e., Шеге 15 no external heat interaction or heat loss. 

Figure 5.8 shows a steam desuperheater where the temperature of the 
superheated steam ік reduced by spraying water, If wj, w;, and w, are the mass 
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[low rates of the injected water, of the steam entering, and of the steam leaving, 
respectively, and Ау, 45, and A, are the corresponding enthalpies, and if K.E, and 
Р.Е. terms are neglected as before, the 5.Ғ.Е.Е. becomes 


wñ + wh, = w 
and the mass balance gives 
иң + мат Wy 


High tamperature seam 


Fig. 5.8 Steam desuperheater 


5.5 Comparison of 5.Е.Е.Е. with Euler and 
Bernoulli Equations 


The steady flow energy Eq. (5.8) can be written as 


-¥ ан, 
55. = {А-Я + ———— + (4, - 
In the differential te the S.F.E.E. а 
ФО = dh + уау + gdz + dF, (5.17) 


where dQ and d W, refer to unit mass of the substance. Since 4 = u + ро and 
10 = du + pdr (for а quasi-static path involving only pdv-work), Eq. (5.17) can 


be written as 
du + pdV = du + pdV + Vdp + VdV + gdz АҒ, 
For an inviscid frictionless fluid flowing through a pipe 
Vdp + VdV + gdZ- 0 (5.18) 
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This is the Euler equation. If we integrate between two sections 1 and 2 of tne 
pipe 


2 i 1 
[уір + [уау + [gdZ =0 
І L | 


For ап incompressible fluid, v = constant 
2 2 


V. V. 
(05 - ру) t uc *g(Z;—2,)-0 (5.19) 
Since the specific volume v is the reciprocal of the density p, we have 
ү? 
КА +2е= 242 ln (5.20) 
2 р 2 
р. У _ 
or р^ > + Zg = constant (5.21) 


This is known as the Bernoulli equation, which is valid for an inviscid 
mcompressible fluid. It can also be expressed in the following form 


ү? 


where p is constant and А (...) means ‘increase in... 
The S.F.E.E. as given by Eq. (5.18) or Eq. (5.17) can be written with (и + pv) 
substituted for ^, as follows: 


2 
O-W,= 4“ + pvt T +z) (5.23) 


А companson of Eqs (5.22) and (5.23) shows that they have several terms in 
common. However. while the Bernoulli equation is restricted to frictionless 
incompressible fluids, the S.F.E.E. is not, and is valid for viscous compressible 
fluids as well. The Bernoulli equation is, therefore, a special limiting case of the 
more general steady flow energy equation. 


5.6 "Variable Flow Processes 


Many flow processes, such as filling up and evacuating gas cylinders, are not 
steady. Such processes can be analyzed by the control volume technique. 
Consider a device through which a fluid is flowing under non-steady state 
conditions (Fig. 5.9). The rate at which the mass of fluid within the contro] volume 
is accumulated as equal to the net rate of mass flow across the control surface, as 
given below 

dm, =w, в, = dm біт, 

dt ат ат 
where my is the mass of fluid within the control volume at any instant. 


(5.24) 
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Over any finite period of time 
Am, = Am, - Am, (5.25) 


ча C.S, 
dr / 


Fig. 5.9 — Variable flow proes 


The rate of accumulation of energy within the contro) volume is equal to the 
net rate of energy flow across the control surface. If E, 1s the energy of fluid 
wiihiri the control volume at any instant. 

Rate of energy increase = Rate of energy inflow — Rate of energy outflow 


2 
Еу = w] [^ Moz $2 


dt dt 
[в + № 4 zg}- 2% (5.26) 
2|2773 728] 7 "ac ' 
2 
Now B, - (utr + meZ] 
Y 
where m is the mass of fluid in the control volume at any instant. 
2 
2, dey 4 Us DU mez 
dr ат 2 v 
v; dm, 40 
- + — + Zg i — + —— 
(^ 2 " dt dt 
Vj dm; áF 
- +— + — _ 8 
[р 2 2) и ar (5.27) 


Figure 5.10 shows all these energy flux quantities. For any finite time interval, 
equation (5.27) becomes 
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Fig. 5.10 — Energy flares їп on yeuteasdy system 


ү? 
АЕ,-0-М,% ІС + > + Zg Jim, 


vi 
Eauntion (5.26) is the general energy equation. For steady Now, 
dE, _ 
dt т‘ 


and the equation reduces to Eq. (5.7). For a closed system w, = 0, » = 0, then 
from Eq. (5.26), 


3E, _ 90 ан, 
dt ат dt 


Of dE, = dQ- tF, ог, tO - dE + oF, 
as Obinined earlier. 


5.7 Example of a Variable Flow Problem 


Variable flow processes may be analyzed either by the system technique or the 
Control volume technique, as Шипова below, 

Consider a process in which a gas bottle is filled from a pipeline (Fig. 5.11). In 
the beginning the bottle contains gas of mass m, at state p,, 8,0), 4, әлін, The 
vülve is opened and gas [lows into the bottle till the mass of gas in the bottle is m. 
at біліс р. fa, Dz, A; and из. The supply to the pipeline is very large so that the 


state of gas in the pipeline is constant at р,, fp UV Ар. H and Fi. 


System Technique Assume an envelope (which is extensible) of gas in the 
pipeline and the tube which would eventually enter the bottle, as shown in 
Fig. 5.11. 
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Envelope of System boundary 


—— System boundary 
e ege... (Envelope) 


Fig. 5.11 Bodtle-Rllinp process 


Energy of the gas beforc filling 


2 


where (m; — m) 15 the mass of gas in the pipeline and tube which would enter the 
bottle. 
Energy of the gas after Biting 


Ёз = туш, 


ү? 
E, = тушу %(т;-т,) e + «| 


2 
АЕ = Е; — Ei = mis — Е + (тт - ZE + Ч. | (5.29) 


The P.E. terms аге neglected: The gas in the bottle is not in motion, and sn the 
К.Е. terms һауе becn omitted. 

Now, there is a change in the volume of gas because of the collapse of the 
envelope to zero volume. Then the work done 


F =p, Fa- Ру) = pj — (т, — түт, 
=- (т; = mi) Pp P5 
2. Using the first law for the process 
О-АЕ-Н 


ү? 
= туш, — түшү - (m - m| ‚ 3 (m; = туру, 


У 


which gives the energy баіапсе for the process. 


Control Volume Technique Assume а control volume bounded by a control 
surface, as shown in Fig. 5.11. Applying the energy Eq. (5.27) to this case, the 
Following energy balance may be written on a ime rate basis 


Fint Law Applied to Flow Processes === 95 


ү? 
dt dt P 2)Jat 
Since.A, apd Г, arc constant, the equation is integrated to give for the total 
process 


+ 


P 


V 
АЕ, = Q T ^ + 3 jo. -= т.) 


Now AE, = U, — U, = туи» — тұн; 
2 


У, 
Q = тли, — mu; — | A, +7 (т,-т)) 


This equation is the same as Ед. (5.30). 
If m, = 0, 1.е., the botile is initially evacuated, 


ра 
О = mou, — "|, + | 


pe 
Again, if Q = 0 and A, >> > 


0- m.s — тй, 
ог, Wg = hy = us + Ppp 
Thus, flow work (р.р) is converted to increase in molecular internal energy 
(ity — н). 
If the gas is assumed ideal, 


cy T5 7 cS T, 
or, = үт, 


If T,7 27 + 273 = 300 К, then for air 
T, = 1.4 x 309 = 420 К 
ог, г, = 147°C 
Therefore, in adiabatically filling a bonle with air at 27°C, the gas temperature 
rises to 147°C due to the flow work being converted to internal energy increase. 


5.8 Discharging and Charging a Tank 
Let us consider a tank discharging a fluid into a suppty line (Fig. 5.12). Since 


d IF, = 0 and dm a = 0. applying first law to the control volume, 


2 
ао ++?) атн (5.31) 
2 out 


Assuming К.Е. and P.E. of the fluid to be smal! and &@2=0 


Fig. 5.12 Charging and discharging а АД 


Оты) = kdm 
тан + ийт = ийт + ро dm 
dm de 
— = — 5.32 
-m (5.32) 
Again Р = от = const. 
йт + mdr = 0 
dm . dv (5.33) 
M U 


From Eqs (5.32) and (5.33), 
de dv 
pv 2 
Щи + ро) = 0 


ог 40-0 
which shows that the process is adiabatic and quasi-static. 
For charging the tank 


OT 


Јат), = АШ, = туш, - түш, (5.34) 
my = мы. — т 
where the subscript p refers to the constant state of the fluid in the pipeline. If the 
tank is initially empty, m, = 0. 
т, = ms 
Since 
т, = "m, 
A, = ш 
Enthalpy is converted to internal energy. 
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If the fluid ts вп ideal gas, the temperature of the gas in the tank after it is 
charged із given by 


Colp = сұт, 
ог 1,-71, (5.35) 
SOLVED EXAMPLES 


Example 51 Air flows steadily at the rate of 0.5 kp/s through an air com- 
pressor, entering at 7m/s velocity, 109 kPa pressure, and 0.95 т/р volume, and 
leaving at 5 m/s, 700 kPa, and 0.19 m ^ kp. The internal energy of ihe air leaving 
is 90 kJ/kg greater than that of the air entering. Cooling water in the compressor 
jackets absorbs heat from Lhe air at the rate of 58 kW. (a) Compute the rate of 
shaft work input to the air in kW. (b) Find the ratio of the inlet pipe diameter to 
outlet pipe diameter. 

Solution Figure Ex. 5.1 shows the details of the problem. 


rere зг толго ree чач mor ere ree 


= 5 ms 
p= 700 kPa 
уу = 7 ms 74 = 0.19 т/д 
рн = 100 kPa r 
= 088m kg — (v у м by = {th + 90) kJ/kg 
e \ cs = — BB kW 


Fig. Ел. 5.1 


` (a) Writing Lhe steady flow energy equation, we have 
у? 40 

+ pp, + — +22 | + 
of Ру; 2 «| dt 


2 
қама 


ат 
а”, n- 4 
г. =W] (i — м) + (S7; — рул) + ————— + (22-28 |+ ae 
dt dt 
с 4 2-95 |g + (7x 019-1x 0951002 
- ат 8 kg kg 


2.42 -3 
+ nx Ы «o|- sew 
2 kg 


= 0.5 [90 + 38 — 0.012] kJ/s —58 kW 
=-122 kW Ans. (а) 
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Rate of work input is 122 kW. 
(b) From mass balance, we have 


Y 
w= AY, - 4 Y; 


0 Dy 
A. V; 095.5. 3.57 
А, Ua vi 0.19 7 


— = 43,57 -1.89 


і 


Ans. (b) 


Example 5.2 Ina steady Now apparatus, 135 kJ of work is done by each kg of 
Quid. The specific volume of the fluid, pressure, and velocity at the inlet are 
0.37 mkg, 600 kPa, and 16 m/s. The inlet is 32 m above the floor, and the 
discharge pipe is at floor level. The discharge conditions are 0.62 m"/kg, 100 kPa, 
and 270 m/s. The tolal heat loss between the inlet and discharge is 9 kJ /kg of 
fluid, In lowing through this apparatus, does the specific internal energy increase 


or decrease, and by how much? 


Solution Writing the steady flow energy equation for the control volume, as 


shown in Fig. Ех. 5.2. 


‚ : We 125) 
А - GOD MD ‘a | G гал 0.62 тко 
V, = 16 mis | 2 ро 100 «Pa 
ei = 22 m L V; = 270 mis 
i | Ф = 0 
а--өды 7777777777 j 
Fig. Ex. 5.2 
2 2 
"шара + aL +Z et SQ cu e рр, e + Zag + d, 
2 dm b dm 
vi - Xy? am. d 
2 dm dm 
2 _ 12 = 
-(1x0.62-6x0.37) x ior, 270 - I8 1x0 


*(-32x9.81 x 107) + 135 - (- 9.0) 
=—160 + 36.45-0.314+135+9 "' 
= 20.136 kJ /kg 
Specific intemal energy decreases by 20.136 kJ. 
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Example 5.3 In a steam power station, steam flows stedily through a 0.2 m 
diameter pipeline from the boiler to the turbine, At the boiler end, the steam 
conditions are found to be: p = 4 MPa, f= 400°C, A = 3213.6 ККЕ, and v = 0.073 
пкр. At the turbine end, the conditions are found to be: p= 3.5 MPa, г = 392°C, 
h= 3202.6 kJ/kg, and т = 0.084 мкр. There is a heat loss of 8.5 КЈУ kg from the 
pipeline. Calculate the steam flow rate. 


Solution Writing the steady flow energy equation for the control volume as 
shown in Fig. Ex. 5.3 


Я 65 k/ko 


dm 
Fig. Ех. 5.3 
Here, there is no change in datum, so change in potential energy will be zero. 
Now АУ, _ № v; 
Di 9; 
я 4 uU 0.073 
and aM, = 0 
dm 
V? 40 ү? 
h + — + — =h t Se 
' 2 dm 7-2 


2 2 -1 
(VY; Уз =hy~ hy + SE 
= 3213.6 — 3202.6 + (-8.5) 
= 2.5 kJ/kg 
У? {1.157 - 12) = 5 x 16 
V? = 15,650 m/s 
A V, = 125.1 m/s 


5. х(0.2У m? x 125.1 m/s 


^ Mass flow rate м = Уи 
4 0.073 m” /kg 
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Example 5.4 А certain waler heater operates under steady Now conditions 
receiving 4.2 kg/s of water at 75°C temperature, enthalpy 313.93 ЮК. The 
water is heated by mixing with steam which is supplied to the heater at 
terpperature 100.2°C and enthalpy 2676 kJ/kg. The mixture leaves the heater as 
liquid water at temperature 100°C and enthalpy 419 kJ/kg. How much sieam 
must be supplied to the heater per hour? 


Solution Ву mass balance across the control surface (Fig, Ex. 5,4) 


Ну energy balance 
v2 d ү? 
h + +Z 8g ME 
zi 1+5 «+ dr + wal + 2 +28] 


а 


vi 
= w| A, + + Zg | + — 
zi Ды 35 | dt 

By the nature of the process, there is no shalt work. Potential and kinetic 
energy terms are assumed ta balance zero. The heater 15 assumed ta be insulated. 
So the steady flow energy equatian reduces to 

wihi + wyt; = wh 
4.2 х 313.93 + из, x 2676 = (4,2 + m) 419 
rs w = 0.196 kg/s 
= 705 kg/h Ans. 


Example 5.5 Air ata tempernture of 15°C passes through a heat exchanger at 
a velocity of 30 m/s where its temperature is raised to 800°C. It then enters a 
turbine with the same velocity of 30 m/s and expands until the temperature falls to 
650°C. On leaving the turbine, the air is taken at a velocity of 60 m/s ta a nozzle 
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where it expands until the temperature has fallen to 500°C. If the air flow rate is 
2 kg/s, calculate (a) the rate of heat transfer to the air m the heat exchanger, (b) 
lhe power output from the turbine assuming no heat loss, and (c) the velocity аі 
exit from ihe nozzle, assuming no beat loss. Take the enthalpy of air as A = е, 
where c, is the specific heat equal to 1.005 kJ/kg K and г the temperature. 
Solution Аз shown in Fig. Ex. 5.5, writing the 5.F.E.E. for the heat exchanger 
and eliminating the terms not relevant, 


у? у; 
d^ ur ud 2j +8. = 4ь, ++ 2] + Fi 


L wh, + Qiz = wh, 
T Qi = WA; - Бу) = we, (576) 
=2 x 1.005 (800 - 15) 
=2.01 х 785 
= 1580 kJ/s Ans. (a). 


h = 15°C, 6 = 800 °С 
V, = 30 mis, V, = 20 m/s 
h = 6507С, У; = 60 тїн 
„ = 500°С, V,=7 


Fig. Ex. 5.5 


Energy equation for the turbine gives 
ү? ү? 
+») = Why + н—2- +, 
2. v2 
Lm + (hy — hy) = Жү» 


2 2 - 
awe + 1.005 (800 – 650) = Ww 


] Ж. 135515075 
ҰР 
= 149.4 kJ/kg 
Wy = 149.4 x 2 kl/s 
- 298.8 kW Ans. (b) 
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Writing the епетру equation for the nozzle 


4 2 
Mi + A, = Mi + iy 
2 2 
V2 —V2 = 1.005 (650 — 500) x 2 x 10° 
= 301.50 x 10° m"/s? 
У; = 30.15 x 107+ 0.36 x 10° 
= 30,51 x 10* т? 
< Velocity at exit from the nozzle 
VY, = 554 m's Ans. (c) 


Example 5.6 The air speed of a turbojet engine in flight 15 270 m/s, Ambient 
air temperature is — 15°C. Gas iemperature at outlet of nozzle is 600°C. 
Corresponding enthalpy values for air and gas are respecnvely 260 and 
912 kJ/kg. Fuel-air ratio is 0.0190. Chemical energy of the fuel ш 44.5 MJ Хр. 
Owing to incomplete combustion 5% of the chemical energy is not released їп the 
reaction. Heat loss fram the engine 15 21 kJ/kg of air. Calculate the vetoctty of the 
exhaust jet. 


Solution Energy equation for the turbojet engine (Fig. Ex. 5.6) gives 
Fuel 


Fig. Ex. 5.6 
ү? у: 
mfa 29 + wrEpt Q= Ww, Ay 221 


2 =i 
[200+ 2% x10 | 


+ 0.0190 x 44500 — 21 


E 
dm 


V^ x 107 
- 1.0190 [na + + +005 0.019 


1.019 


x +4500 


ү? х -j 
260 + 36.5 + 845- 21 = Lois 912 + ——— + «| 
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2 
2. — = 156 x Ші m/st 


y 431.2 x 100 m/s 
Velocity of exhaust gas, V, = 560 m/s Ans. 


Example 5.7 Ina reciprocating engine, the mass of gas occuping the clearance 
volume is m, kg at statep,, u;, о, and hl., By opening the inlet valve, трка of gas 
is taken into the cylinder, and at the conclusion of the intake process the state of 
the gas is given by Pa, и, Va, Я». The state of the gas in the supply pipe is conslant 
and is given Бур, и, Vp й. Ур. How much heat is transferred between the gas 
and the cylinder wall: during the intake process? 

Solution Let us consider the control volume as shown in Fig. Ex. 5.7. Writing 
the energy balance on a time rate basis 


Fig. Ex. 5.7 


With A, and V, being constant, the above equation can be integrated to give for 
the total process 


ye 
AE,-Q-W- [^ + SE 


Now AE, = 05-0 = (m, + mp Hy — H.E, 
ү? 
^ Q = (m. + три — тш — "(+ + ыз +F Ans. 


Example 5.8 The internal energy of air is given by 

H = ug t 0.718! 
where u is in KJ/kg, uy is any arbitrary value of и at 0°С, kJ/kg, and ¢ is the 
к E in °C. Also for air, p, = 0.287 (t + 273), where p is in kPa and? is in 
nm р. 
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А mass of air is stirred by a paddle wheel in an insulated constant volume tank. 
The velocities duc io stirring make a negligible contribution to the internal energy 
of the air. Air flows out through з small valve in the tank at a rate controlled to 
keep the temperature in the tank constant, At a certain instant the conditions are 
ав follews: tank volume 0.12 пе, pressure 1 MPa, temperature 150°C, and power 
to paddle wheel 0.1 kW. Find the rate of flow of air out of the tank at thus instant, 
Solution Writing the energy balance for the control volume as shown in 
Fig. Ex. 5.8 


Fig. Ex. 5.8 


іт ЯР 
? dr dr 
where Á,-7utpv. 
Lei u =0а{:=0А =-273°С 
и = м + 0.718: 


0-ш + 0.718 ( 273) 
ug 7 0.718 x 273 kJ/kg 
АРС 
и = 0.718 x 273 0.718 : 
= 0,718 x {7 + 273) kJ/kg 
A, = 0.718 (t + 273) 0,287 (1 + 273) 
or A, = 1.005 (t + 273) 
At 150°C 
A, = 1.005 x 423 
= 425 kJ/kg 
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_ 0.1 kE/s 
425 kJ/kg 
= 0,845 kgh 
This is the rate at which air flows out of the tank. 


= 0.236 x 107° kg/s 


Example 5.9 A well-insulated vessel of volume F contains a gas at pressure py 
and temperature fy. The gas from а main at a uniform temperature £; is pumped 
into the vessel and the inflow rate decreases exponentially with time according to 
m = тов", where a isa constant. Determine the pressure and temperature of the 
gas in the vessel as а function of time. Neglect the К.Е. of the gas entering the 
vessel and assume that the gas follows the relation 


ро = RT, where T= t t 273 


and its specific heats are constant. 
(i) Ifthe vessel was initially evacuated, show that the temperature inside the 
vessel is independent of time. 
(а) Determine the charging ішпе when the pressure inside the vessel reaches 
that of Lhe main. 


Solution Since the vessel is well-insulated, О = 0 and there is no external work 
transfer, F = C, Therefore, 


dE, = A, = he 


dt 
where A, is the enthalpy of the gas in the main. 
On integration, 
h 
Е-Е, M (1-е*) 


where E, is the tritial energy of the vessel at Ше beginning of the charging 
process, і.е. E = Ej at t= 0. Neglecting К.Е. and Р.Е. changes, by energy balance 


Ми = Мау “© (1 — е) (uj + ру) (1) 
а 

Again, 

ат. м 

дт "0 
Оп integration, 

- _ ait 
M=M,+ Da 767) e (2) 


where Mp is the initial mass of the gas. Eliminating M from Eqs (1) and (2), 


т Б 
[м + — (1 — # ej H- Мұн 
а 


= Tog — е") (ы, + RT)) 
a 
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Мур, (Г- 79) = та. а-а") (с(1,-1)%А1)) 
а 


Myc, Ту + 7» - е") Д 


Т = 
m £T ete, 
a 


RT А т - 
BUY Ve, poe + ^а - ©су} 
т. 
=Pot р ü- rT) 


The above two equations show the temperature and pressure of the gas in the 
vessel as functions of time. 

(i) U M, — ü, T= yT, пе, the temperature inside the vessel] becomes 

independent of time and is equal to 77, throughout the charging process. 

(it) The charging process will stop when pressure inside the vesel reaches that 

of the main. The charging time can be found by setting p = p, in the 


pressure relation 
ЖҮЛ MÈ 
p -ро= TOUT, LT et gr 
By rearrangement, 
= таку (аў) 
туй 
(ERA) tp, p 
aF 
4 
‚Тыл = | 
о УЛ 


| REVIEW QUESTIONS 


5.1 Explain che system approach and the control volume approach in the analysis of 
a flow process. 

52 What is a steady flow process? What is заду slate? 

5,3 Write the steady flow energy equation for a single stream entering and a single 
stream leaving a control volume and explain the various terms in it. 

5.4 Give the differential form of the S.F.E.E. 

5.5 Under what conditions does the S.F.E.E. reduce із Euler's equation? 

5.6 How does Bernoull?s equation compare with S.F.E.E.? 

5.7 What will be the velocity of a (uid leaving a nozzie, if the velocity of approach is 
very small? 

5.8 Show that the enthalpy of a fluid before throttling is equal to that after Lbrotiling. 

59 White the general energy equation for a variable flow process. 

5.10 What is the system lechnique in a bortle-filling process? 

5.11 Explain ihe control volume technique in a variable flow process. 
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PROBLEMS 


5.1 А blower handles 1 kg/s of air at 20°C and consumes a power of 15 kW. The inlet 


3.2 


5.3 


5.4 


5.5 


and outlet velocities of аҥ are 100 m/s and 150 m/s respectively. Find the exit air 
temperature, assuming adiabatic conditions. Take c, of air as 1.005 kT/kg-K. 
Ans. 28.38°C 
A turbine operates under steady flow conditions, receiving steam at the following 
siate: pressure 1,2 MPa, temperature 188°C, enthalpy 2785 kJ/kg, velocity 
33.3 mvs and elevation 3 m. The steam leaves the turbine at the following state: 
pressure 20 kPa, enthalpy 2512 kJ/kg, velocity 100 m/s, and elevation 0 m. Heat 
18 lost to che surroundings at the rate of 0.29 kJ/s. If Lhe rate of steam flow through 
the turbine is 0.42 kg/s, what is the power output of the turbine іп kW? 
Ans. 112.5 kW 
A nozzle is a device for increasing the velocity of a steadily flowing stream. At 
ihe inlet to a certain nozzle, the enthalpy of the fluid passing is 3000 kJ/kg and 
ihe velocity is 60 m/s. Ai the discharge end, the enthalpy is 2762 kJ/kg. The 
nozzle is horizontal and there is negligible heat loss from it. (a) Find the velocity 
at exit from the nozzle. (b) If the inlet area is 0.1 m? and the specific volume al 
inlet is 0,187 mg, find the mass Flow rate. (c) If the specific volume ai che 
nozzle exit is 0.498 mg, find the exit area of the nozzle. 
Ans, (a) 692,5 пу, (b) 32,08 kg/s (с) 0,023 m? 
In an oil cooler, cil flows steadily through a bundle of metal tubes submerged in 
a steady ясат of colling water, Under steady flow conditions, the oil enters at 
90°C and leaves at 30°C, while the water enters at 25°С and leaves at 70°C. Тһе 
enthalpy of oil at (С is given by 
h= 1.68 r+ 10.5 x 10 * РЕМ 
What is the cooling water flaw required for cooling 2.78 kg/s of oil? 
Ans. 1.473 kg/s 
А thermoelectric generator consists of a series of semiconductor elements 
(Fig. P. 5.5), heated on one side and cooled on the other. Electric curent flow is 
produced as а result of energy transfer as heat. Іп a particular experiment the 


©, о; 


1 
= 
Е 
F 
h 
= 
1 
1 
1 
1 
1 
1 


< Rn 
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5.6 


5.7 


3.8 


5,5 


5.10 


current wes measured іс bc 0.5 amp and the electrostatic potential at 1) was 0,8 
volt above thal at (2). Energy transfer as heat to the Вот side of ihe generalor was 
taking place at a rate of 5.5 watts. Determine the rate of energy transfer as heat 
from the cold side and the energy conversion efRctency. 
Ans, GO, = S.l waits, rn = 0.073 
A turbocompressor delivers 2.53 m/s of air m 0.276 MPa, 43°C which із heated 
al this pressure 10 430°C and finally expanded in a turbine which delivers 
1860 kW. During ihe expansion, there is a heat transfer of 0.09 M/s to the 
surroundings. Calculate the turbine exhaust vemperarure if changes in kineuic 
and potential energy are negligible. Take ст 1.905 kj/kgK 
das. 157°С 
A reciprocating air compressor takes in 2 m’/min а! 0.11 MPa, 20°C which it 
delivers at 1.5 MPa, 111°C to an aRercooler where the air is cooled at consiant 
pressure to 25°C, The power absorbed by the compressor is 4.15 kW. Determine 
ihe heat transfer in (a) the compressor, and (by the cooler. State your assumptions, 
Any, — 0.17 kl/s, ~ 3.76 kI/s. 
In g water cooling tower air enters at a height of l m above the ground tevel and 
leaves at a height of 7 m. The inlet and outlet velocities are 20 m/s and 30 m/s 
respectively. Water enters at а height of 8 m and leaves at a height of 0.8 m. The 
velocity of water at eniry ара exit are 3 m/s and 1 m/s respectively. Water 
temperatures are B"C and 50°С at ihe entry and exit respectively. Air 
temperatures ate 30°С and 70°С at the entry and exit respectively. The colling 
tower js well insulated and a fan of 2,25 kW drives the air through the cooler, 
Find the amount of air per second required for | kg/s of water flow. The values of 
€, of air end water are 1.005 and 4.187/kg K respectively. 
Amr 3.16 kg 
Air at 101.325 kPa, 20°C is taken into а gas turbine power plant at a velocity of 
{40 m/s through an opening of 0.15 m° cross-sectional area, The air is 
compressed heated, expanded through a turbine, and exhausted at 0.18 MPa, 
150°C through an opening of 0.10 m^ cross-sectional area. The power output js 
375 kW. Calculate ihe net amount of heat added to the air in ЮКЕ. Assume that 
ай obeys the law ро = 0,287 11+ 273) where p is the pressure in kPa г is the 
specific volume in тке, and fis the temperature т °С. Take с, = 1.005 kJ/kg К, 
Ans. 150.23 kjikg 
А gas flows steadily through a rotary compressor. The gas enters the compressor 
at a temperature of 16°C, a pressure of 100 kPa, and an enthalpy of 391.2 КЇ Кд. 
The gas leaves the compressor at a temperature of 245°C, a pressure of 0.6 MPa, 
and an enthalpy of $34.5 kJ/kg. There is no heat transfer to or from the раз as it 
flows through the compressor. (а) Evaluate the external work done per unit mass 
of gas assuming the gas velocities at entry and exit to be negligible. (b) Evaluate 
the extemal work dene per unit mass of gas when ihe pas velocity at entry із 
80 m/s and that at exi is 160 m/s. 
Aas. 143.3 Чр, 152.9 kJ/kg 
The steam supply to an engine comprises two streams which mix before entenng 
ihe engine. One siream js supplied at the yate of 040 kgs with an enthalpy of 
2952 kJ/kg and a velocity of 20 m/s. The other stream is supplied at the rale of 
0.1 kes with an enthalpy of 2569 kJ/kg and a velocity of 120 m/s. At the exit 
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fram the engine the fluid leaves аз two streams, one of water at the rate of 0,001 
kg/s with an enthaipy of 420 kJ/kg and the other of steam; ihe [uid velocities at 
the exit are neghgible. The engine develops a shah power of 25 kW. The heat 
vansfer is negligible. Evaluate the enthalpy of the second exit steam. 
Ans, 2401 kJ/kg 
The stream of air and gasoline vapeur, in the ratio of 14:| Туу mass, enters a 
gasoline engine ai a temperature of 30°C and [caves as combustion products af a 
temperature of 790°C. The engine has a specific fuel consumption of 
0.3 keke Wh. The net beat iransfer cate from the fuel-air steam to the jacket 
cooling water and to the surroundings is 35 kW. The shaft power delivered by the 
engine is 26 kW. Compute the increase in the specific enthalpy of the fuel-air 
stream, assuming the changes in kinetic energy and in elevation to be negligible. 
Ans, - 1877 Юр mixture 
An air turbine forms part of an aircrafi refrigerating plant. Air at a pressure of 
295 kPa and a temperature of $8°C flows steadily inio the turbine with a velocity 
of 45 m/s. The air leaves the turbine at a pressure of 115 kPa, a temperature of 
2°C, and a velocity of 150 m/s. The shaft work delivered by the urbine 15 
54 kJ/kg of air. Negiecting changes in elevahon, deiermine the magnitude and 
sign of the heat transfer per unit mass of air flowing. For air, take c, = 
1.005 kJ/kg K and the enthalpy ^ = €, t. 
Ans. + 7.96 kJ/kg 
Ina turbomachine handling an incompressible fluid with a density of 1000 kg/m? 
Ше conditions of the fluid at the rotor entry and exit are as given below 


Iniet Exit 
Pressure 1.15 MPa 0.05 МРа 
Velocity 39 m/s 15.5 m/s 
Height above datum 10 m 2m 


If the volume flow rate of the fluid is 40 m/s, estimate the net energy transfer 
from the fluid as work. 
Ans. 60.3 MW 
А room for four persons has two fans, cach consuming 0.18 kW power, and three 
100 W lamps. Ventilation air at the rate of 80 КЕЋ enters with an enthalpy of 
54 Ко end leaves with an enthalpy af 59 kJ/kg. lf cach person puts out heat at 
the rate of 630 Kg/h determine the rate at which heat is to be removed by a room 
cooler, so that a steady state is maintained in the room. 
Ans, 1.92 KW 
Air [lows steadily at the cate of 0.4 kg/s through ап air compressor, entering at 
6 m/s with a pressure of | bar and a specific volume of 0.85 m /kg, and leaving at 
4,5 m/s with a pressure of 6.9 bar and a specific volume of 0.16 пер. The 
intemal energy of the air leaving із 88 kJ/kg greater than that of the air entering. 
Cooling water in a jacket, surrounding the cylinder absorbs heat from the air at 
the rate of 59 W. Calculate the power required to drive the compressor and the 
inlet and outlet cross-sectional areas. 
(Ans. 45.4 kW, 0.057 m^, 0.0142 m?) 
Steam flowing in a pipeline is at a steady state represented by Par foe чь Bpr Ap amid 
V, А small amount of the total flow 15 fed through а small tube ір an evacuated 
chamber which is allowed to fill slowiy unti! the pressure is equa! to the pipeline 
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pressure. If there is no heat transfer, derive an expression for the final specific 

internal energy in the chamber, in terms of the properties in the pipeline, 

The internal energy of air is given, at ordinary temperatures, by 

w= Hy + 0.7181 

where u is in W/kg, ug is any arbitrary value of u at 0°С, kJ/kg, and г 15 · 

temperature in °С. 

Also for air, po = 0.287 (1+ 273) 

where p is in kPa and v is in m'/kg. 

(а) Ап evacuated bottic is fated with a valve through which air from the 
aimosphere, ai 760 mm Hg and 23°C, is allowed w flow slowly to All the 
bottle. If na heat is rransferred іп or from the air in the bottle, what will its 
temperature be when the pressure in the bottle reaches 760 mm Hg? 

Ans. 144.2*C 

(b) If the bottle initially contains 0.03 m? of air at 400 mm Hg and 25?C, what 
will the temperature be when the pressure in the botile reaches 760 mm Нр? 

Ans. 71.6°C 

A pressure cylinder of volume F contains air at pressure p, and temperature T. 1 

is ta be filled from я compressed air line maintained at canstant pressure p, and 

temperature Г. Show that the temperature of the air in the cylinder after it has 
been charged іп the pressure of the line is given by 


po ТИ 
1+ Poly 1 - у 
n To 

А small reciprocating vacuum pump having the rate of volume displacement F, 
is усе to evacuate a large vessel of volume F. The air in the vessel is maintained 
at а constant Lemperature 7 by energy mransfer as heal [f the паі and [inal 
pressures are p, and p, respectively, find the time taken for the pressure drop and 
the necessary energy transfer as beat during evacuation. Assume Шш for air, 
pV = тЕТ, where m is the mass and A 15 a constant, and и is a function of 7 only. 


| oec О-о - pr 
м p 
(Hint: dm = — A FANART) = F dpi RT)]. 
A lank containing 45 kg of water initially at 45°C has one inlet and one exit with 
equal mass flow rates. Liquid water entera at 45°C and a mass flow rate of 270 
kgh. A cooling coil immersed іп the water removes energy at a rate of 7.6 kW. 
The water is well mixed by a paddle wheel with a power mput of 0.6 kW. The 
pressures at inlet and exit gre equal, Ignoring changes in KE and PE, find ihe 
vanation of water temperature with ime. 
Янг. T= 318 - 22 |1 — exp i- 67)) 
А rigid tank of volume 0.5 in’ is initially evacuated. А iiny bole develops in the 
wall, and air from the surroundings at | bar, 21°С leaks т. Evcntualiy, the 
pressure in Ше tank reaches 1 bar. The process occurs slowly enough that heat 
transfer between the tank and the surroundings keeps the temperature of the air 
inside the tank constant at 21°C, Determine the amount of heat transfer. 
Ans. — 50 К] 
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Second Law ої 
Thermodynamics 


6.1 Qualitative Difference between Heat and Work 


The first law of thermodynamics states that a certain energy balance will hald 
when a system undergoes a change of state or a thermodynamic process. But it 
does not give any information on whether that change of state or the process is at 
all feasible or not. The first law cannot indicate whether a metallic bar of uniform 
temperature can spontaneously become warmer at one end and cooler at the other. 
All that the law can state is that if this process did occur, the energy gained by one 
end would be exactly equal to that lost by the other. / is the second faw of 
thermodynamics which provides the criterion as to the probability of various 
processes. | 

Spontaneous processes in nature occur only in one direction. Heat always 
flaws from a body at a higher temperature to a body at a lower tempemture, water 
always flows downward, time always flows in the forward direction. The reverse 
of these never happens spontaneously. The spontancity of the process is due to a 
finite driving potential, sometimes called the ‘force’ or the ‘cause’, and what 
happens is called the ‘flux’, the ‘current’ or the ‘effect’. The typical forces like 
temperature gradient, concentration gradient, and electric potential gradient, have 
their respective conjugate fluxes of heat transfer, mass transfer, and [low of 
electric current. These transfer processes can never spontaneously occur from a 
lower to a higher potential. This directional] law puts a limitation on energy 
transformation other than that imposed by the first law. 

Joule's experiments (Article 4.1) amply demonstrate that energy, when 
supplied to a system in the form of work, can be completely converted into heat 
(work transfer — internal energy increase — heat transfer). But the complete 
conversion of heat into work in a cycle is not possible. So heat and work are not 
completely interchangeable forms of energy. 
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When work is converted into heat, we always have 


¥ 490 
but when heat is converted into work in a complete closed cycle process 


о5н 
The arrow indicates the direction of energy transformation. This is illustrated 
in Fig. 6.1. As shown in Fig. 6.1(a), a system is taken from state | to state 2 by 
work transfer. FA. a and then by heat transfer (; | the system is brought back 
from state 2 to state 1 to complete a cycle. И 25 always found that у, = 0, |. 
But if the system 15 laken from state | to state 2 by heat transfer Q, as shown in 
Fig. 6.1 (b), then the system canot be brought back from state 2 to state I by work 
transfer М; |. Hence, heat cannot be converted completely and continuously into 
work in a cycle. Some heat has to be rejected. In Fig. 6.106), FE, ; is the work 
done and Q, , is the beat rejected to complete the cycle. This underlies the work 
of Sadi Carmo, а French military engineer, who first studied this aspect of energy 
“ transformation (1824). Work is said to be a high grade energy and heat a low 
grade energy. The complete conversion of low grade energy into high grade 

energy in a cycle is impossible. 
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Fig. 61 Qualitatice distinction belwern heat and work 


6.2 Cyclic Heat Engine 


For engineenng purposes, the second law is best expressed m terms of the 
conditions which govem the production of work by a thermodynamic system 
operating in a cycle. 

A heat engine cycle is a thermodynamic cycle in which there is a net heat 
transfer fo the system and a net work transfer from ihe system. The system which 
executes а heat engine cycle is called a heat engine. 

А heat engine тау be in the form of a mass of gas confined in a cylinder and 
piston machine (Fig. 6.2a) or a mass of water moving in а steady low trough а 
steam power plant (Fig. 6.26). 

іл the cyclic heat engine, вз represented in Fig. 6.2(a), heat (Q, is transferred to 
ihe system, work iV; 15 done by the system, work Й, is done upon the system, and 
then heat О. is rejected from the syster The system js brought back to the initial 
state through all these four successive processes which constitnte a heat engine 
cyele. In Fig. 6.2(b) heat Q, is transferred from the furnace to the water in the 
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boiler to form steam which then works on the turbine rotor to produce work H’,, 
then the steam is condensed to water in the condenser in which an amount Q; is 
rejected from the system, and finally work №, is done on the system (water) to 
pump it to the boiler. Tne system repeats the cycle. 


С X47 ба. са LOWE 
ка 4 
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(b) Wo 


Fig. 6.2 Cyclic hral engine 


fa) Heat engine cycle performed by a closed system undergoing four successive energy 
interactions with the surroundings 


(b) Heat engine cycle performed бу а steady flaw rysten interacting with the 
surrounding as shown 


The net heat transfer in a cycle to either of the heat engines 


Qua 7 01-0, (6.1) 
and the net work transfer in a cycle 
ғаз WW, (6.2) 


(or Шыт ре Ре) 
By the first iaw of thermodynamics, we have 


LO= LY 


cycle cycle 
й. В а ы 
or 01-0. = Fr- WW, (6.3) 


Figure 6.3 represents a cyclic heat engine in ihe form of a block diagram indi- 
cating the various energy interactions during a cycle. Boiler (B), turbine (7), con- 
denser (C), and pump (P^, all four together constitute a heat engine. A heat engine 
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is here a certain quantity of water un- ной 9% oig) 
dergoing the energy interactions, as " 
* я - | Г \ m TIEN 

shown, in cyclic operations to produce И 
net work from а сепаіп heat input. Wp- InP T+ Wr 

The function of a heat engine cycle [E^ | 
is to produce work continuously at the HO н.о 
expense of heat input to the system. So О, 


the net work И, and heat input О, 

referred to the cycle are of primary Р: 68 Cyclic heat engine mith energy 
interest, The efficiency of a heat engine ruber npbs шін rd in à 
or a heat engine cycle is defined as block diagram 


., Net work output of the cycle 
Total heat input to the cycle 


= Kt (6.4) 


=a e (6.5) 


This is also known as the thermal efficiency of a heat engine cycle, A heat 
engine is very often called upon to extract as much work (net) as possible from a 
certain heat input, i.e., to maximize the cycle efficiency. 


6.3 Energy Reservoirs 


А thermal energy reservoir (TER) is defined as a large body of infinite heat 
capacity, which is capable of absorbing or rejecting an unlimited quantity of heat 
without suffering appreciable changes in its thermodynamic coordinates. The 
changes that do take place in the large body as heat enters or leaves are so very 
slow and so very minute that al! processes within it are quasi-static. 

The thermal energy reservoir TER, from which heat О, is transferred to the 
system operating in a heat engine cycle is called the source. The thermal energy 
reservoir TER, to which heat Q, is rejected from the system during a cycle is the 
sink. A typical source is a constant temperature furnace where fuel is continuously 
burnt, and a typical sink is a river or sea or the atmosphere itself. 

А mechanical energy reservoir (MER) is a large body enclosed by ап adiabatic 
impermeable wall capable of storing work as potential energy (such as a raised 
weight or wound spring) or kinetic energy (such as a rotating Flywheel). АП 
processes of interest within an MER are essentially quasi-static. An MER 
receives and delivers mechanical energy quasi-statically. 
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Figure 6.4 shows a cyclic heat engine exchanging heat with a source and a sink 
and delivering Fia in a cycle to an MER. 


TER; 
(Sink) 


Fig. 5.4 Cyclic head engine (CALE) with source and sink 


6.4 Kelvin-Planck Statement of Second Law 


The efficiency of n heat engine 15 given by 


Wa j Q 
о a 


Experience shows that FF. < ©, since heat 02, transferred to a system cannot 
be compietely converted to work in a cycle (Article 6.1}. Therefore, 115 less than 
unity. A heat engine can never be 100° efficient. Therefore, Q > 0, i.e., there has 
always to be a beat rejection. To produce net work in a thermodynamic cycle, a 
heat engine has thus to exchange heat with two reservoirs, the source and the sink. 

The Kelvin-Planck statement of the second Jaw states: ff is impossible for а 
heat engine to produce net work in a complete cycle if it exchanges heat only 
with badies at a single fixed temperature. 

РО, = 0 (1.e., Fia = О, or = 1.00}, the heat engine will produce net work 
in à complete cycle by exchanging heat with only onc reservoir, thus violanng the 
Kelvin-Planck statement (Fig. 6.5). Such a heat engine is called в perpetual 
motion machine of the second kind, abbreviated to РММ2. А РММ2 is 
impossible. 

А heat engine has, therefore, to exchange heat with two thermal energy 
reservoirs at two different temperatures to produce net work in a coroplete cycle 
(Fig. 6.6). So long as there is a difference in temperature, motive power 
(i.e. work) can be produced. If the bodies with which the heat engine exchanges 
heat are of finite heat capacities, work will be produced by the heat engine till the 
temperatures of the two bodies are equalized. 


= 
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Source at t | 


Q,= 0 Sink at fz | 
Fig. 6.5 АРМА Fig. 6.6 Heat engine producing net work ің a 
cjele Бр exchanging heal at hoo diffrreni 
temperatures 


ifthe second law were not true, it would be possibie to drive a ship across the 
ocean by extracting heat from the ocean or to nun а power plant by extracting heat 
from the surrounding air. Neither of these impossibilities violates the first law of 
hermodynamics. Both the ocean and the surrounding air contain an cnormous 
store of imemal energy, which, in principle, may be extracted іп the form of a 
' flow of heat. There 1s nothing in the first law to preclude the possibility of 
converung this heat completely into work. The second low is, therefore, a separate 
Jaw of nature, and not a deduction of the first law. The first Jaw denies the 
possibility of creating or destroying energy; the second denies the possibility of 
utilizing energy in a particular way. The continual operation of a machioe that 
creates из own energy and thus violates the first law is called the PMMI. The 
operation of a machine that иште the mternal eoergy of only one TER, thus 
vielaung the second law, is called ше РММ2. 


6.5 Clausius’ Statement of the Second Law 


Heat always flows from a body at а higher temperature to a body at a lower 
temperature. The reverse process never occurs spontaneously. 

Clausius’ statement of the second law gives: ff is impossible to construct a 
device which, operating in a cycle, will produce no effect other than the transfer 
of hear from a cooler to a hotter body. 

Heat canot Mow of itself from a body at a lower temperature to а body at a 
higher temperature. Some work must be expended to achieve this. 


6.6 Refrigerator and Heat Pump 


A refrigerator is a device which, operating in a cycle, maintains a body at a 
temperature lower than the temperature of the surroundings. Let the body 4 
(Fig. 6.7) be maintained at 1, which is lower than the ambient temperature ғ. 
Even though А is insulated, there will always be heat leakage @, into the body 
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from the surroundings by virtue of the temperature difference. In order to 
maintain, body 4 at the constant temperature f, heat has to be removed from the 
body at the same rate at which heat is leaking into the body. This heat (Q,) is _ 
. absorbed by a working fluid, called the refrigerant, which evaporates in the 
evaporator E, at a temperature lower than f absorbing the latent heat of 
vaporization from the body А which is cooled or refrigerated (Process 4—1). The 
vapour 15 first compressed in the compressor C, driven by a motor which absorbs 
work Wo (Process 1-2), and is then condensed in the condenser C rejecting the 
latent heat of condensation (2, at a temperature higher than that of the atmosphere 
(at t,) for heat transfer to take place (Process 2-3). The condensate then expands 
adiabatically through an expander (an engine or turbine} producing work Wes 
when the temperature drops to a value lower than г, such that heat Q, flows from 
the body A to make the refrigerant evaporate (Process 3—4). Such a cyclic device 
of flow through E,-C,-C;-E; is called a refrigerator. Іп a refrigerator cycle, 
attention is concentrated on the body А. О, and H are of primary interest. Jnst 
like efficiency in a heat engine cycle, there is a performance parameter in a 
refrigerator cycle, called the coefficient of performance, abbreviated to COP, 
which is defined as 


(3) | nieniu 
y ата TI at | 
= | | VAAN | a a T 1 
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Compressor | 


(1) | 


О 
я (а) (b) 
Fig. 6.7 A cyclic refrigeration plani 
COP = Desired effect 0, 
Work input W 
[COP], = — € — (6.6) 
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А heat pump is a device which, operating in a cycle, maintains a body, say В 
(Fig. 6.8), at a temperature higher than the temperature of the surroundings. By 
vinue of the temperature difference, there will be heat leakage 0; from the body 
to the surroundings. The body will be maintained at the constant temperature t, if 
heat is discharged into the body at the same rate at which heat leaks out of the 
body. The heat is extracted from the low temperature reservoir, which is nothing 
but the atmosphere, and discharged into Ше high temperature body В, with the 
expenditure of work Hin a cyclic device called a heat pump. The working fluid 
operates in a cycle flowing through the evaporator E,, compressor C, , condenser 
C- and expander E;, similar to a refrigerator, but the attention 15 here focussed on 
the high temperature body В. Here Q, and V are of primary interest, and the COP 
is defined as 


| Body & Д" C 
| ai ty 


Refrigerant 


| Atmosphere 
at fp 


Fig. 6.8 A суйе heat pump 


COP = РЛ 
F 
Q 
[COP], р = (6.7) 
2-0, 
From equations (6,6) and (6.7), it is found that 
(СОР), = [COP]..; * 1 (6.8) 


The COP of a heat pump is greater than the COP of a refrigerator by unity. 
Equation (6.8) expresses a very interesting feature of a heat pump. 


Since Q; = [СОР]нр F 
= [COP,,, + 1] (6.9) 
Q is always greater than W. 


For an electrical resistance heater, if. FF 15 the electrical energy consumpticn, 
then the heat transferred to the space at steady state is W only, i.e., О; = F. 
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А | KW electric heater can give | kW ofheat at steady state and nothing more. 
[n other words, 1 kW of work (high prade energy) dissipates to give 1 KW of heat 
(low grade energy), which is thermodynamically inefTicient. 

However, if this electrical energy W is used to drive the compressor of a heat 
pump, the heat supplied Q, will always be more than Ж, or Q, > Ж. Thus, a heat 
pump provides a thermodynamic advantage over direct heating. 

For beat io flow from a cooler to s hotter body, IF cannot be zero, and hence, 
the COP (both for refrigerator and heat pnmp) canol be infinity. Therefore, 
W 7 0, and COP < =. 


6.7 Equivalence of Kelvin-Planck and 
Clausius Statements 


At first sight, Kelvin-Planck's and Clausius” statements may appear to һе 
unconnected, but it can ғаз Пу be shown that they are virtually two parallel 
statements of the second law and gre eqnivalent in all respects. 

The equivalence of the two statements will be proved if it can be shown ihat 
the violation of one statement implies the violation of the second, and vtce versa. 
(a) Let us first consider a cyclic heat pump P which transfers heat from a low 
temperature reservoir (74) to a high temperature reservoir (7) with no other сесі, 
i.e., wilh no expenditure of work, violating Clausius statement (Fig. 6.9). 


| 
Hot Reservoir at 1, 


мылтығы», 


Cold Reservoir аќ ta 


| 
Бір. 6.9 — Fiolation of the Clausius statement 


Let us assume a cyclic heat engine E operaung berween the same thermal 
energy reservoir, producing Fy in one cycle. The rate of working of the heat 
engine is such that it draws an amount of heat О, fror: the hot reservoir equal to 
that discharged by the heat pump. Then the hot reservoir may be eliminated and 
the heat Q, discharged by the heat pump is fed to the heat engine, So we see that 
ihe heat pump P and the heat engine E acting together constitute a heat engine 
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operating in cycles and producing net work while exchanging heat only with one 
body at a single fixed temperature. This violates the Kelvin-Planck staternent. 

(Б) Let us now consider a perpetual motion machine of the second kind (Е) 
which produces net work in a cycle by exchanging heat with only one thermal 
energy reservoir (at, ) and thus violates the Kelvin-Planck statement (Fig. 6.10). 

Let us assume a cyclic heat pump (P) extracting heat (2, from a low 
temperature reservoir at ^ and discharging heat to the high temperature reservoir 
at f, with the expenditure of work W equal to what the PMM2 delivers in a 
complete cycle. So E and P together constitute a heat pump working in cycles and 
producing the sole effect of transferring heat from a lower to a higher temperature 
bodv, thus violating the Clausius statement. 


| 
| 
| 
L 


ТО. =0 


| y | 
ty | 
Fig. 6.10 — Visletion of the Kelvin-Planck statement 


6.8 Reversibility and Irreversibility 


The second law of thermodynamics enables us to divide all processes into two 
classes: 

(a) Reversible or ideal process. 

(b) Irreversible or natural process. 

A reversible process is one which is performed in such a way that at the 
conclusion of the process, both the system and the surroundings may be restored 
to their initial states, without producing any changes in the rest of the universe. 
Let the state of a system be represented by Я (Fig. 6.11), and let the system be 
taken to state B by following the path.4—8. If the system and also the surroundings 
аге restored to their initial states and no change in the universe is produced, then 
the process А-В will be a reversible process. In the reverse process, the system 
has to be taken from state B to 4 by following the same path B—4. A reversible 
process should not leave any trace or relic to show that the process had ever 
occurred. 
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Fig. 6.11 Reversible process 


A reversible process is carried out infinitely slowly with an infinitesimal 
gradient, so that every state passed through by the system is an equilibrium 
state. Soa reversible process coincides with a quasi-static process. 

Any natural process carried out with a finite gradient ts an (reversible process. 
А reversible process, which consists of a succession of equilibrium states, 15 an 
idealized hypothetical process, approached only as a limit. [t 1$ said to be an 
asymptote to reality. All spontaneous processes are irreversible. 


6.9 Causes of Irreversibility 


Broken eggs, spilt milk, burnt boats, the wasted years of indolence that the focuses 
have eaten are merely proverbial metaphors for ureresibility. 

The irreversibility of a process may be due io either one or beth of the 
following: 

(a) Lack of equilibnum during the process. 

(Б) Involvement of dissipative effects. 


6.9.1 irreversibility due ta Lack of Equilibrium 


The lack of equilibrium (mechanical, thermal or chemical) between the system 
and its surroundings, nt between two systems, or Myo parts of the same system, 
causes a spontaneous change which is itreversible, The following are specific 
examples in this regard: 


(а) Heat Transfer through а Finite Temperature Difference А heat 
transfer process approaches reversibility as the temperature difTerence between 
two bodies approaches zero. We define в reversible heat iransfer process as onc 
in which heat is transferred through an infimtesimal temperature difference. So to 
transfer a finite amount of heat through an infinitesimal temperature difference 
would require an infinite amount of time, or infinite area. АН actual heat transfer 
processes are through a finite temperature di[Terence and are, therefore, 
irreversible, and the greater the temperature difference, the greater is the 
reversibility. 

We can demonstrate by the second Jaw that the heat transfer through a finite 
temperature difference is irreversible. Let us assume that a source atta and a sink 
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at tg ffa > fg) are available, and let, в be the amount of heat Mowing from 4 to 
B (Fig. 6.12). Let us assume an engine operating between d and B, taking heat O; 
from A and discharging heat 2, to B. Let the heat transfer process be reversed, 
and @,_, be the heat flowing from B 10.4, and let the rate of working of the engine 
be such that 


Da = Ona 
(Fig. 6.13). Then the sink В may be eliminated. The net result ts that E 
. produces net work W in a cycle by exchanging heat only with A, thus violating 
the Kelvin-Planck statement. So the heat transfer process 0, , is irreversible, 
and Qaa is not possible. 


Fig. 6.12 Heci transfer through a finite Fig. 6.13 Маш trunsftr through a finite 
temperature difference lemperature difference is 
irreversible 


(b) Lack of Pressure Equilibriam within the Interior of the System оғ 
between the System and the Surroundings When there exists a difference 
in pressure between the system and the surroundings, or within the system itself, 
then both the system and its surroundings or the system alone, will undergo a 
change of state which will cease only when mechanical equilibrium is 
eatablished. The revese of this process is not possible spontaneously without 
producing any other effect. That the reverse process will violate the second law 
becomes obvious from the following illustration. 


(c) Free Expansion Let us consider an insulated container (Fig. 6.14) which 
is divided into two compartments A and В by a thin diaphragm. Compartment A 
contains a mass of gas, while compartment В is completely evacuated. If the 
diaphragm is punctured, the gas in А wili expand into В until the pressures in A 
and В become equal. This is known as free or unrestraioed expansion. We сап 
demonstrate by the second law, that the process of free expansion is irreversihle. 

To prove this, let us assume that free expansioa is reverstble, and that the gas 
in В retums into 4 with ай increase in pressure, aud # becomes evacuated as 
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before (Fig. 6.15). There is no other effect. Let us install an engine (a machine, 
not a cyclic heat engine) between 4 and B, and permit the gas to expand through 
the engine from to B. The engine develops a work output Иа the expense of the 
internal energy of the gas. The internal energy of the gas (system) in # can be 
restored to its initial value by heat transfer О (= Wy from a source. Now, by the 
use of the reversed free expansion, the system can be restored to the initial state of 
high pressure inl and vacuum in B. The net result is a cycle, in which we observe 
that net work output W is accomplished by exchanging heat with a single 
reservoir. This violates the Kelvin-Planck statement. Hence, free expansion 15 
irreversible. 

The same argument will hold if the compartment B is not in vacuum but at a 
pressure lower than that in compartment А (case b). 


~ Diaphragm /. Insulation ы 
VV 
Fig. 6.14 — Free expansion Fig. 6.15 Second law demonstrates that 


free expansion is irreversible 


6.9.2 Irreversibility due to Dissipative Effects 


The irreversibility of a process may be due to the dissipative effects in which 
work is done without prodncing an equivalent increase in the kinetic or potential 
energy of any system. The transformation of work into molecular internal energy 
either of the system or of the reservoir takes place through the agency of such 
phenomena as friction, viscosity, inelasticity, electrical resistance, and magnetic 
hysteresis. These effects are known аз dissipative effects, and work is said to be 
dissipated. Dissipation of energy means the transition of ordered macroscopic 
motion into chaotic molecular motion, the reverse of which is not possible without 
violating second law. 


(a) Friction Friction is always present in moving devices. Friction may be 
reduced by suitable lubrication, but it can never be completely eliminated. If this 
were possible, a movable device could be kept in continual motion without 
violating either of the two laws of thermodynamics. The continual motion of a 
movable device in the complete absence of friction is known as perpetual motion 
of the third kind. 

That friction makes a process irreversible сап be demonstrated by the second 
law. Let us consider а system consisting of a flywheel and a brake block 
(Fig. 6.16). The flywheel was rotating with a certain rpm, and it was brought to 


Маштгін 
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rest by applying the friction brake. The distance moved by the brake block is very 
small, so work transfer is very nearly equal to zero. If the braking process occurs 
very rapidly, there is little heat transfer. Using suffix 2 after braking and suffix 1 
before braking, and applying the first law, we have 


v Flywheel v Brake Моск 
pee стела, СЕ epe 7 cc -— — 3 
4 NM 


— System boundary 
Fig. 6.16 Jrreversibility due to dissipative effect like friction 
Q57- E t Fia 
0 = E, = Е +0 - 
Е, = Е (6.10) 
The energy of the system (isolated) remains constant. Since the energy may 
exist in the forms of kinetic, potential, and molecular internal energy, we have 
2 2 


U. + ымы: +тё^ =U + Шы + mg 


Since the wheel is brought to rest, V, = 0, and there is no change in Р.Е. 
mV, 
2 

Therefore, the molecular intemal energy of the system (1.e., of the brake and 
the wheel) increases by the absorption of the K.E. of the wheel. The reverse 
process, 1.е., the conversion of this increase in molecular intemal energy into 
К.Е. within the system to cause the wheel to rotate 15 not possible. To prove it by 
the second law, let us assume that it is possible, and imagine the following cycle 
with three processes: 

Process A: Initially, the wheel and the brake are at high temperature as a result of 
the absorption of the K.E. of the wheel, and the flywheel is at rest. Let the 
flywheel now start rotating at a particular rpm at the expense of the internal 
energy of the wheel and brake, the temperature of which will then decrease. 
Process B: Let the flywheel be brought to rest by using its K.E. in raising weights. 
with no change in temperature. 

Process С: Now let heat be supplied from а source to the flywheel and the brake, 
іп restore the system to ils initial state. 

Therefore, the processes 4, B, and C together constitute a cycle producing 
work by exchanging heat with a single reservoir. This violates the Kelvin-Planck 
statement, and it will become a PMM2. So the braking process, 1.6., the 
transformation of K.E. into molecular internal energy. 15 irreversible. 


Ш = + (6.11) 
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(b) Paddle-Wheel Work Transfer v Insulation 
Work may be transferred into a system т 
іп an insulated container by means of a 
paddle wheel (Fig. 6,17) which ts also 
known as stirring work. Here work 
transferred is dissipated adiabatically 
into an increase in the molecular inter- 
nal energy of the system. To prove the Fig. 6.17 Adiabatic work transfer 
irreversibility of the process, let us as- 

sume that the same amount of work is delivered by the system at the expense of its 
molecular internal energy, and the temperature of the system goes down 
(Fig. 6.18). The system is brought back to its initial state by heat transfer from a 
source. These two processes together constitute a cycle in which there is work 
output and the system exchanges heat with a single reservoir. It becomes а 
РММ2, and hence the dissipation of stirring work to internal energy is irrevers- 
ible. 


,- Adiabatic 
Diathermie -. 4 


Fig. 6.18  frreversibility due to dissipation of stirring work into internal energy 


(c) Transfer of Electricity through a Resistor The flow of electric current 
through a wire represents work transfer, because the current can drive a motor 
which can raise a weight. Taking the wire or the resistor as the system (Fig. 6.19) 
and writing the first law 

Q= UU РІ; 
Here both H^, and Q, are negative. 

М 2541-0450, 2 (6.12) 

А part of the work transfer is stored as ап increase 1n the internal energy of the 

wire (to give an increase in its temperature), and the remainder leaves the system 
as heat. At steady state, the internal energy and hence the temperature of the 
resistor become constant with respect to time and 

ІР, а Ор, (6.13) 


и -- Resistor (syelem) 


Fig. 6.19  lrrenersibility due to dissipation of electrical wark into internal energy 
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The reverse process, i.e., the conversion of heat (2, into electrical work 
H^, - of the same magnitude is not possible. Let us assume that this is possible. 
Then heat Q,_; will be absorbed and equal work Wẹ will be delivered. But this 
will become a PMM2. So the dissipation of electrical work into internal energy or 
heat is irreversible. 


6.10 Conditions for Reversibility 


А natural process is irreversible because the conditions for mechanicai, thermal 
and chemical equilibrium are not satisfied, and the dissipative effects, in which 
work is transformed into an increase in internal energy, are present, For a process 
to be reversible, it must not possess these features. If a process 1s performed 
quasi-statically, the system passes through states of thermodynamic equilibrium, 
which may be traversed as well in one direction as in the opposite direction. if 
there are no dissipative effects, all the work done by the system during the 
performance of a process in one direction can be returned to the system during 
the reverse process. 

A process will be reversible when it is performed in such a way that the system 
is at all times infinitesimally near a state of thermodynamic equilibrium and in 
the absence of dissipative effect of any form. Reversible processes are, therefore, 
purely ideal, limiting cases of actual processes. 


6.11 Carnot Cycle 


A reversible cycle is an ideal hypothetical cycle in which all the processes 
constituting the cycle are reversible. Carnot cycle is a reversible cycle. For a 
stationary system, as in a piston and cylinder machine, the cycie consists of the 
following four successive processes (Fig. 6.20): 


= 
Sink, ip | 


m 


Fig. 6.20 Carnot Ага! engine-stationary system 
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{д} А reversible isothermal process in which heat Q, enters the system at 7; 
reversibly from a constant temperature source at (| when the cylinder cover is in 
contact with the diathermic cover А. The internal energy of the system increases. 

From First law, 

Q,-U,- +, (6,14) 

(for an ideal gas only, U, = U3} 

(b) A reversible adiabatic process in which the diathermic cover 4 is replaced 
by the adiabatic cover В, and work И is done by the system adiabatically and 
reversibly at the expense of its internal energy, and the temperature of the system 
decreases from f, to fy. 

Using the first law, 

0=U,-U,+ Wa (6.15) 

(c) А reversible isothermal process in which В is replaced by А and heat 0, 
leaves the system at £j 10 a constant temperature sink al f, reversibly, and the 
internal energy of the system further decreases. 

From the first law, 


-Q;-U,- Бу, (6.16) 
only for an ideal gas, U, = U, 

(9) А reversible adiabatic process in which В again replaces A, and work W, 
is done upon the system reversibly and adiabatically, and the internal energy of 
the system increases and the temperature rises from 1,104). 

Applying the first law, 

Two reversible tsotherms and two reversible adiabatics constitute a Carnot 
cycle, which is represented in p-v coordinates in Fig. 6.21. 

Summing up Eqs (6.14) to (6,17), 


Qi- Qi = Wiat Р-Я) 


or > Qua = > МН, ы 
cree cycle 
A cyclic heat engine operating on the Carnot cycle ts called а Carnot heat 
engine. \ 


- Rav. adiabatics 
-7 
an = y 


,- Re. isotherm (41) 


.- Рам, Isotherm (6) 


——s V 


Fig. 6.21 Carnot сусй 
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For a steady flow system, the Camot cycle is represented as shown in 
Fig. 6.22. Here heat 0, is transferred to the system reversibly and isothermally at 
t, in the heat exchanger A, work W is done by the system reversibly and 
adiabatically in the turbine (B), then heat 0. is transferred from the system 
reversibly and isothermally at 1, in the heat exchanger (C), and then work Wp is 
done upon the system reversibly and adiabatically by the pump (D). To satisfy the 
conditions for the Carnot cycle, there must not be any friction or heat transfer in 
the pipelines through which the working fluid flows. 


бо үзөт 
^ boundary 
Fip a Pump (0) Turbine (8) | | = 
\ | 
һ | Heatexchanger(C) (F) * | Иже Wr- Wp 
Г в | | =Q- 
+— Flow | 


ү шег 2. 2^ P 
uu Sink, t; | 


Fig. 6.22 Carnot heal engine—steady flow түт 


6.12 Reversed Heat Engine 


Since all the processes of the Carnot cycle are reversible, it is possible to imagine 
that the processes are individually reversed and carried out in reverse order. When 
a reversible process 1s reversed, all the energy transfers associuted with the 
process are reversed in direction, but remain the same in magnitude. The reversed 
Carnot cycle for a steady flow system is shown in Fig. 6.23. The reversible heat 
engine and the reversed Carnot heat engine are represented in block diagrams in 
Fig. 6.24. If E is a reversible heat engine (Fig. 6-24a), and if it is reversed 
(Fig. 6.24b), the quantities Q}, 0. and W remain the same in magnitude, and only 
their directions are reversed. The reversed heat engine Э takes heat from a tow 
temperature body, discharges heat to a high temperature body, and receives an 
inward flow of network. 

The names heat pump and refrigerator are applied to the reversed heat engine, 
which have already been discussed in Sec. 6.6, where the working fluid flows 
through the compressor (B), condenser (А), expander (D), and evaporator (C to 
complete the cycle. 


Second Law of Thermodynamia —— 129 


ОН ae v 


1 Heat axchanger (А) 


Fig. 6.24 Carnot Ага! engine and reversed Carnot Ма! engine shown in block diagrams 


6.13 Carnot's Theorem 


It states that of all heat engines operating between a given constant temperature 
source and a given constant temperature sink, none has a higher efficiency 
than a reversible engine. 

Let two heat engines E, and Ер operate between the given source at 
temperature t, and the given sink at temperature t; as shown in Fig. 6.25. 

Let E, be any heat engine and Ер be any reversible heat engine. We have to 
prove that the efficiency of Eg is more than that of E,. Let us assume that this is 
not true and Пл > Ль. Let the rates of working of the engines be such thal 


Qia = Ов = ©, 
Since Aa > An 

We Hy 

Ол a 
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а ааа — ала ааа ааа 


{ов 
| ә E em 
n las 


Sink f; | 


Fig. 6.25 Two cyclic heat engines E, and Ep operating between the 
same source and sink, of which Ey is reversible 


F, > Fa 


Now, let Ej be reversed. Since Ep is a reversible heat engine, the magnitudes 
of heat and work transfer quantities will remain the same, but their directions will 
be reversed, as shown in Fig. 6.26. Since JF, > И, some part of W, (equal to 
Ны) may be fed to drive the reversed heat engine Jp. 


| харсе, t | 


Fig. 6.26 Ey is reversed 


Since Qi, = Qin = Q), the heat discharged by Зь may be supplied to E. The 
source may, therefore, be eliminated (Fig. 6.27). The net result is that E, аЗ, 
together constitute a heat engine which, operating in а cycle, produces net work 
W, — ә while exchanging heat with a single reservoir at f. This violates the 
Kelvin-Planck statement of the second law. Hence the assumption that 7, > rg is 
wrong. 

Therefnre Me 2 ПА 
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| Sink, fs | 
Fig. 6.27 E, and Jp together тош the K-P stairment 


6.14 Corollary of Carnot's Theorem 


The efficiency of all reversible heat engines operating between rhe same 
temperature levels is the same. 

Let both the heat engines E, and £g (Fig. 6.25) be reverstbie. Let us assume 
Na 2 Па. Similar to the procedure outlined in the preceding article, if Ең is 
reversed to run, say, as а heat pump using same рап of the work output (И, ) of 
engine E,, we sec that the combined system of heat pump Еп and engine Е,, 
becomes a РММ2. So 7, cannot be greater than ть. Similarly, if we assume 
Пв > ПА and reverse lhe engine E,, we observe that 4, cannot be greater than т. 


Therefore ПА = Пн 
Since the efficiencies of all reversible beat engines operating between the same 


heat reservoirs are the same, the efficiency of a reversible engine is independent 
af the nature or amount af the working substance undergoing the cycle, 


6,15 Absolute Thermodynamic Temperature Scale 


The efficiency of any heat engine cycle receiving hest О, and rejecting heat Q 15 
given by 


y= A A-Q Q0 (6.18) 
@ о, Q, 

By the second law, it is necessary to рахе a temperature difference jf, — £2) to 
obtain work of any cycle. We know that the efficiency of al! heat engines 
operating between the same temperature levels is the same, and i! is independent 
of the working substance. Therefore, for a reversible cycle (Carnot cycle), the 
efficiency will depend solely upon the temperatures 4; and 1, at which heat is 
transferred, or 


Tres 7 f (fy. h) (6.19) 
where f signifies some function of the temperatures. From Eqs (6.18) and (6.19) 
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T = -f(& t) 


іп terms of a new function F 
а = F(t), 5) (6.20) 
о. 
If some functional relationship is assigned between 1), 1, and (2,/0,, the 
equation becomes the definition of a temperature scale. 


Let us consider two reversible heat engines, £, receiving heat from the source 
at г, and rejecting heat at г, to Е, which, in tum, rejects heat to the sink at i, 


(Fig. 6.28). 
| Qi 
Wia Ч | 
W^ = C. – Ch 
Heal reservoir, 4; 
Fig. 6.28 Three Carnal mgines 

о о. 
Мож XL = Fin, ty; = Alte, h) 

о "а 
£, and 6, together constitute another heal engine £, operating between /, and f. 

B= FE, 4) 

en 
Now а ол 

о 2/0; 
or 2 = Fp, t)- FU t) = (621) 

о, Р, t) 


The temperatnres г, t; and /; are arbitrarily chosen. The ratio 2/2 depends 
only on t, and f, and is independent оёг.. So 4 will drop out from the ratio on the 
right in equation (6.21). After it has been cancelled, the numerator сап be written 
as (ғ), and the denominator as $(f,), where 9 is another unknown function. 
Thus 
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! 
e =Е(, 6) = An) 
e (6) 
Since $(/) is an arbitrary function, the simplest possible way to define the 


absolute thermodynamic temperature T is to let @(t) = T, as proposed by Kelvin. 
Then, by definition 


e - 1 (6,22) 
Q 1. 

The absolute thermodynamic temperature scale з= also known as the Keivin 
scale. Two temneratures on the Kelvin scale bear the same relationship to each 
other as do the heats absorbed and rejected respectively by a Carnot engine 
operating between (туп reservoirs at these temperatures, The Kelvin temperature 
scale is, therefore, independent of the peculiar characteristics of any particular 
substance, 

The heat abse 1 О, and the heat rejected О, during the rwo reversible 
isothermal processes bounded by two reversible adiabaties іп а Carnot engine 
. can be measured. In defining the Kelvin temperature scale also, the triple point of 
water is Laken as the standard reference point. For a Carnot engine operating 
between reservoirs at temperarures Г and Л, Т, being the triple point of water 
(Fig. 6.29), arbitrarily assigned the value 273.16 K, 


о = I 
о 7 
- Q 
Т= 273.16 = 6.23 
О, (6.23) 


if this equation is compared with the equations given in Article 2.3, it 35 seen 
that іл rhe Kelvin scale, О plays the role of thermometric property. The amount 
of heat ѕирріу Q changes with change in temperature, just like the thermal emfin 
a thermocouple. 

It follows from the Eq. (6.23}, 


T-27316 © 


Шах the heat transferred isothermally between the given adiabatics decreases 85 
the temperature decreases. Conversely, the smaber the value of Q, the lower the 
corresponding 7. The sinallest possible valne of Q 15 zero, and the corresponding 
T is absulute zero. Thns, if a system undergoes a reversible isothermal process 
without transfer of heat, the temperature at which this process takes place is called 
the absolute zero. Thus, at absolute zero, an isotherm and an odiabatic are 
identical. 

That the absolute thermodynamic temperature scale has a definite zero point 
can be shown by imagining a series of reversible engines, extending from a source 
at T, to lower temperatures (Fig. 6.30). 
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Since 
1.8 
; Q 
ra 
| Т,» 273.16K | 
Fig. 6.29 Carnot deat engine with Fig. 6.30 Heat gine operating in serie: 
sink af triple poini of water 
I- _@-@ 
Т, 0, 
ox 7,-n-(£,-9) 5. 
17 22 1 О, 
Similarly 
Т : 
І,- І,-(0,- 0 о 
1, 
= (0, - о-у 
т,-1,-(0,- 00 22 
37 44 3 О, 
and so on. 


lf 7, - 7,7 -T= 7, — 74 — ..., assuming equal temperature intervals 
Qi- 22 = 02 - 03 = 0;- E 
eor №, == Нұ... 
Conversely, by making the work quantities performed by the engines іп series 
equal (WH) = №, = №, = ...), we will get 
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at equal temperature intervals. A scale having one hundred equal intervals 
between the steam point and the ice point could be realized by a series of one 
hundred Camot engines operating as in Fig. 6.30. Such a scale would be 
independent of the working substance. 

If enough engines are placed in series ta make the total work output equal to 
Qi then by the first law the heat rejected from the last engine will be zero. By the 
second law, however, ihe operation of a cyclic heat engme with zero heat rejection 
cannot be achieved, although it may be approached as a limit. When the heat 
rejected approaches zero, ihe temperature of heat rejection also approaches zero 
as a limit. Thus it appears that a definite zero point exists on the absolute 
temperature scale but ihis point cannot be reached without a violation of the 
second law. 

Thus any attainable value of absolute temperature is always greater than zero. 
This is also known as the Third Law of Thermodynamics which may be stated as 
follows: Й із impossible by any procedure, no matter how idealized, to reduce 
any system іо the absolute zero of temperature in a finite number of operations. 

This is what is called the Fowler-Guggenheim statement of the third law. The 
third law 3tself is an independent law of nature, and not an extension of the second 
law. The concept of heat engine is not necessary to prove the non-attainability of 
absolute zero of temperature by any system in a finite number of operations. 


6.16 Efficiency of the Reversible Heat Engine 


The elTiciency of a reversible heat engine in which heat is received solely ai T, is 
found to be 


T. 
п = п = 1 ~( -1--- 
геу 1 
or n, = 12h 
1 
It is observed here that as T, decreases, and T, increases, the efficiency of the 
reversible cycle increases. 
Since 7] is always less than unity, T, is always greater than zero and positive. 
The COP of a refrigerator is given by 


и 
ар 
e 
For a reversible refrigerator, using 
2 oA 
Q 1 
2-25 
[COP set = (6.24) 
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similarly, for a reversible heat pump 
f, 
7, - Б 


[COP к], = (6 23) ` 


6.17 Equality of Ideal Gas Temperature and 
Kelvin Temperature 


Let us consider a Carnot cycle executed by an ideal gas, as shown in Fig. 6.31. 


и 
М. р 
n W с Еч a 
aj} © М Y pf Reversibie 
| E № Y IN laotharms 
Bu \ ~~a 
а5- Y 1 
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Y ^K 
ее  . 
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Fig. 8.31 Carnot грей of an ideal par 


The two isothermal processes a-b and с—@ are represented by equilateral 
hyperbolas whose equations are respectively 


pV = n&R 8, 
and РУ =nk 8, 
For any infinitesimal reversible process of an ideal gas, the first law may Бе 
written as 
й0 = С, 46+ pdV 
Applying this equation to the isothermal process a-b, the heat absorbed is 
found to be 


F 
o= | pav- jJ ^59. dV = "йб, In 2. 
H F, 


similarly, for the isothermal process cd, the heat rejected 15 


0, = ^R8, In ТА 
y 
D, in -> 
g- — (6.26) 
о, B. In — 
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Since the process 8-с is adiabatic, the first law gives 


-C,d6 = pay = "80 ay 


ARs "0 V, 
In — = In ta 
И, i 
or — = % 
n n 
or LEG (6.27) 
Е 9 
Equation (6.26) thus reduces to 
о, 6, 
Kelvin temperature was defined by Eq. (6.22) 
9.1 
Q R 


If 8 and Г refer to any temperature, and 8, and Г, refer to the tiple point of 
water, 


OT 
9, Т, 
Since # = T, = 273.16 К, it follows that 
ӛ-Т (6.29) 


Тһе Kelvin temperature is, therefore, numerically equal to the ideal gas 
temperature and may be measured by means of a gas thermometer. 


6.18 Types of Irreversibility 


It has been discussed in Sec. 6.9 that a process becomes irreversible if it occurs 
due to a finite potential gradient like the gradient in temperature or pressure, or if 
there is dissipalive effect like friction, io which work is transfonned ioto internal 
energy increase of the system. Two types of irreversibility can be distinguished: 


(a) Internal urreversibitity 
(b? External irreversibility 
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The internal irreversibility is caused by the intemal dissipative effects like 
friction, turbulence, electrical resistance, magnetic hysteresis, еіс. within the 
system. The external irreversibility refers to the irreversibility occurring at the 
system boundary like heat interaction with the surroundings due 10 a finite 
temperature gradient. 

Sometimes, it is useful to make other distinctions. If the irreversibility of a 
process is due to the dissipation of work into the increase m intemal елегеу of a 
system, or due 16 a finite pressure gradient, it is called mechanical irreversibili- 
Ly. If the process occurs on account of a finite temperature gradient, 11 is thermal 
irreversibility, and if it is due to a finite concentration gradient or a chemical 
reaction, tt is called chemical irreversibility. 

А heat engine cycle in which therc is a temperature dilTerence (1) bebween thc 
source and the working fluid during heat supply, and (i1) hetween the working 
fluid and the sink dunng heat rejection, exhibits external thermal irreversibility. 
If the real source and sink are not considered and hypothetical reversible 
processes for heat supply and hcat rejection are assumed, the cycle can be 
reversible, With the inclusion of the actual source and sink, however, the cycle 
becomes externally irreversible. 


SOLVED EXAMPLES 


Example 6.1 А cyclic heat engine operates betwecn a sonrce temperature of 
800°C and a sink temperature of 30°C. What is the least rate of beat rejection per 
kW net output of the engine? 


Solution For a reversible engine, the rate of heat rejection will be minimum 
(Fig. Ex. 6.1). 


| fuz 1073 К 
Source 


Now 


Now 
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_ 30--273 
800 + 273 
= | -0.282 = 0,718 


= 


Poe 
о 
О, = 1,392 kW 


— 
r 


l 
0.718 
Qi = Or ~ Moe = 1.392 -1 

= 0.392 kW - 


This is the least rate of heat rejection. 
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Example 62 А domestic food freezer maintains a temperature of -15?C. The 
ambient air temperature is 30°C, I[ heat leaks into the freezer at the continucus 
rate of 1.75 КИз what is the least power necessary to pump this heat ош 


continuously? 


Solution Freezer temperature, 


Г. =- 15+ 273 = 258 К 


Ambient air temperature, 


Г = 30+ 273 =303К 


The refngerator cycle removes heat frorn the freezer at the same rate at which 
heat leaks into it (Fig. Ex. 6.2). 


| Ambiant air Т,= 303 K | 
| 


Freezar То = 258 К 


Q= 175 ББ 
Fig. Ex. 6.2 


For minimum power requirement 


g 
Т; 


Q 
Т 
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0, = E x 303 = 2.06 kJ/s 

2. W-Qi-Q, 
= 2.06 - 1.75 = 0.31 kl/s 

= 031 kW 


Example 6.3 А reversible heat engine operates between two reservoirs at 
temperatures of 600°С and 40°C. The engine drives a reversible retrigerator 
which operates between reservoirs at temperatures of 40°C and — 20°C. The heat 
Lransfer to the heat engine is 2000 kJ and the net work ouput of the combined 
engine cefrigerator plant is 360 К]. 
(а) Evaluate the heat transfer to the refrigerant and the net heat transfer to the 
reservoir at 40°C. 
(b) Reconsider (a) given that the efficiency of the heat engine and the COP of 
the refrigerator are cach 40% of their maximum possible values. 


Sofution (а) Maximum efficiency of the heat engine cycte (Fig. Ex. 6.3) 15 given 
by 


7 313 
=] 2 = 2 =1 -0.358 = 0.642 
ки бы 
БЕЙІП О, =н 


. W', = 0.642 x 2000 = 1284 КІ 
Maximum COP of the refrigerator cycle 


т; 
Also COP = P - 4,22 


зілсе Fi- F= #= 360 КІ 
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2. W, = W- W= 1284 — 360 = 924 К] 
T Q, = 4.22 х 924 = 3899 К] 
. О, = 0, + №, = 924 + 3899 = 4823 К] 
Q- = Q- Fi = 2000 - 1284 = 716 kJ 
Heat rejection to the 40°C reservoir 
= Q; + Q, = 716 + 4823 = 5539 kJ Ans. (а) 
(b) Efficiency of the acrual heat engine cycle 
n-20.4n,,, = 0.4 x 0,642 
" №, = 0.4 x 0.642 x 2000 
= 513.6 К] 
= 513.6 — 360 = 153.6 kJ 
COP of the actual Бекі cycle 


cop - C -04х422- 1.69 
М, 


Therefore 
О, = 153.6 x 1.69 = 259.6 К] Ans. (b) 
Q, = 259.6 + 153,5 = 413.2 kJ 
Q, =Q- W, = 2000 — 513.6 = 1486.4 К 
Heat rejected to the 40°C reservoir 
= g. + 0, = 413.2 + 1486.4 = 1899.6 К] Ans. (b) 
Example 6.4 Which is the more effective way to increase the efficiency of a 
Camot engine: to increase Г, keeping T- constant; or to decrease 73, keeping Т, 
constant? 
Solution The efficiency of a Carnot engine is given by 
-1-8 
n=l- 
If Т, is constant 


d 
As T, increases, Л increases, and the sope( $e | decreases (Fig. Ex. 6.4.1). 
т; 


EJ =L 

97. 1 , 

As Т, decreases, N increases, but the slope Ей remains constant 
(Fig. Ex. 6.4.2). Dj 


If T, is constant. 


Маю ig 
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Á 


— Ts 
Fig. Ex. 6.42 
) __ 1 
1005 
23 
a7, J, 


So, the more cíTcctive way іс increase the efficiency is to decrease 7). 
Alternatively, let Ғ, be decreased by AT with 7, remainiog the same 


Пи 


if 7, is increased by the same AT, Г, remaining the same 


fiz=1 ШВ _ 


T AT 
Then 
_ fF 1,-АТ 
Uh” TAT OR 
-(1-1,)АТ «(Ату 
|. ТА) + AT) 
Since T, > Tah- т) > © 


The more effective way to increase the cycle efficiency is to decrease T,. 


Example 6.5 Kelvin was the first to point out the thermodynamic wastetuiness 
of burning fuel for the direct heating of a house. ТЕ is much mare economical to use 
the high temperature heat produced by combustion in а heat engine and then to 
use the work so developed to pump heat from outdoors up to the temperature 
desired in the house. In Fig. Ex. 6.5 a boiler furnishes heat Q, at the high 
temperature Т. This heat is absorbed by a heat engine, which extracis work FF 
and rejects the waste heat 0, ша the house at 7,. Work И’ is in turn used іо 
operate a mechanical refrigerator or beat pump, which extracts О, from outdoors 
at temperature T, and rejects Q^; (where 0", = O + №} into the house. As a result 
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of this cycle of operations, a total quantity of heat equal to Q, “7, is liberated ІП 
the house, against. 02, which would be provided directly by the ordinary 
combustion of the fuel. Thus the ratio (0, + Q';YQ, represents the heat 
multiplication factor of this method. Determine this multiplication factor if 
T, 7 473 К, Г, = 293 К, and T; = 273 К. 

Solution For the reversible heat engine (Fig. Ex. 6.5) 


Boer 
Y а, 
ai- "HE 
Н 
__\ 4 
House | 
EON 
22 0+0 
iW неу 
1 -——— | 
4% 
Outdoors | 
| Т5 Q | 
Fig. Ex. 6.5 
@ -h 
e 1 
1, 
Q:-0 ЕЗ 
| 
Also П == F = 1-І 
О, T 
T, - Т, 
or И = 1—7. 
Т n 
For the reversible heat pump 
сор. 02.22 
, Г. i, -f, 
О, = EF шы: i. Qi 


^. Multiplication factor (M.F.) 
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БЕРЕЛ Bih 
о +0; 1 5-7 1 
e о 
оғ MFR- RINI E 
1(1,-1,) 
ог mF = 20075) 
ТЉ) 
Неге T, = 473 К, Г, = 293 К and Г, = 273 К 


F. = n a = 63 Ans. 
473(293 – 273) 473 
which means ihat every kg of coal burned would deliver the heat equivalent to 
over 6 kg. Of course, in an actual case, the efficiencies would be less than Carnot 
efficiencies, but even with a reduction of 5096, the possible savings would be 
quite signihicanL 


Example 6.6 Itis proposed that solar energy be used to warm a large collector 
plate. This energy would, in turn, be transferred as heat to a fluid within a heat 
engine, and the engine would reject energy as heal to the atmosphere. Experiments 
indicate that about 1880 kiim h of energy can be collected when Lhe plate is 
operating at 90°C, Estimate the minimum coliector area that would be required 
for a plant producing | kW of useful shall power. The atmospheric temperature 
may be assumed to be 20°C. 

Solution The maximum efficiency for the heat engine operating between Ihe 
collector plate temperature and the atmospheric temperature is 


Db o, 90 
Thnx = l- T "i-i 0192 
The efficiency of any actual heat engine operating between these temperatures 
would be less than this efficiency. 
„жй _18 
Qnia п. 0,192 
= 18,800 К/Т 


г, Minimum area required for the collector plate 


= 5.21 КИЕ 


= — = 10 m“ Ans, 


Example 6.7 А reversible heat engine in a satellite operates between a hot 
reservoir at T, and a radiating panel at 7,. Radiation from the раде] is 
proportional to ils area and to 7). For a given work output and value of T, show 


. .. 7, 
that the area of the panel will be minimum when — = 0.75. 
| 


мего Law of Thermodynamics ——— 145 


Determine the minimum area of the panel for an output of 1 kW if the constant 
of proportionality is 5.67 x 107! W/m"K* and T, is L000 K. 
Solution For the heat engine (Fig. Ex. 6.7), the heat rejected 0, to the panel 
(at 7,) ав equal to the energy emitted from the panel to the surroundings by 
radiation. If А is the area of the panel, O, = АТУ, or О, = КАТУ, where K isa 
constant. 


Now n^ = 


OT 


К-т). кат EE 
For a given W and 7), А will be minimum when 
dA _ 
Ap ONE AT) (073 - 72)? = 
Since (ПР-Т #0, 37,7? = АТ 


h = 0.75 Proved. 


f 
Йо 
U^  K(0.75y ТТ – 0.751) 
__ W__ _ 256 
kg КЕ 
| 256 
Неге W=1kW, К = 5,67 x 10 * W/m? К^, and T, = 1000 К 


"n 256 x 1kW x m?K4 
"PS 22x 5.67 x 107° W x (1000)* КЎ 
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256 x 10° 1 
27x 5.67 x 10 x 10? 
= 0.1672 m Ans. 


REVIEW QUESTIONS 


6.1 


6.29 


6.31 


What is the qualitative difTerence berween heat and work? Why аге heat and 
work not completely interchangeable forms of energy? 

What is a cyclic heat engine? . 

Explain а heat engine сусіе performed by a closed system. 

Explain a heat engine сусіе performed by a steady [low system, 

Define the thennal efficiency of a heat engine cycle. Can this be 100947 

Draw a block diagram showing the four energy interactions of a cyclic heat 
engine. 

What ts а thermal energy reservoir? Explain the terms 'source' and ‘sink’ 

What is a mechanical energy reservoir? 

Why сап all processes in а TER or an MER be assumed to be quasi-static? 
Give che Kelvio-Planck statement of Ше second law. 

To produce net work in а thermodynamic cycle, a heat engine has to exchange 
heat with two thermal reservoirs. Explain. 

What is а PMM2? Why is it impossible? 

Give the Clausius’ statement of the second law. 

Explain ihe operation of a cyclic refrigerntor plant with a block diagram. 

Define the COP af a refrigerator. 

What is a heat pump? How does it differ from a refrigerator? 

Can you use the same plant as a heat pump in winter and as a refrigerator in 
summer? Explain. 

Show that the COP of a heat pump is greater than the COP of a refrigerator by 
unity, 

Why is direct heanng thermodynamically wasteful? 

How can а hear pump upgrade low grade waste hear? 

Establish the equivalence of Kelvin-Planck and Clausius statements. 

What is 2 reversible process? A reversible process should not leave any evidence 
to show ihat the process had ever occurred. Explam. 

How is a reversible process only а limiting process, never to be arlained т 
practice? 

All spontaneous processes are irreversible, Explain. 

What are the eauses of irreversibility of a process? 

Show that heat transfer through a finite uemperature difference is irreversible. 
Demonstrate, using the second law, that free expansion is irreversible. 

What do you understand by dissipative «Песіз? When іс work said to be 
dissipated? 

Explain perpetual motion of the third kind. 

Demonstrate using the second law how friction makes a process imeversible. 
When a rotating whecl is broughi to rest by applying a brake, show that the 
molecular internal energy af the system (of the brake and the wheel) increases. 


6.32 
6.33 


6,34 
6.35 


6.36 
6.37 


6.38 
8.39 
6.40 
6.41 
6.42 
6.43 


6.44 


6.45 
6.46 


6.47 


6.48 
6.49 
6.50 
6.5] 
6.52 
6.53 
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Show that the dissipation of stirring work to internal energy 15 шуты. 
Show by second Lew that the dissipation of electrical work into intemal energy or 
heat is irreversibie. 

What is а Carnot cycle? What are the four processes which constiwte the eyele? 
Explain the Carnot heal engine cycle executed by: (а) а stationary system, and (b) 
a steady flow system. 

What is a reversed heat engine? 

Show that the efficiency of a reversible engine operating between two given 
constant temperatures 1s the maximum. 

Show that the efficiency of al] reversible heat engines operating between the same 
temperature levels is ihe same. 

Show that the efficiency of a reversibie engine is independent of the nature ог 
amount of the working substance going through the cycie. 

How does the efficiency of a reversible cycle depend only on the two temperatures 
at which heat is transferred? 

What is the absolute thermodynamic temperature scale? Why is it called 
absolute? 

How із the absolute scale indepdent of the working substance? 

How docs ( play the role of thermomemc property in the Kelvin Scale? 

Show that a definite zero point exists on the absolute temperature scale but thai 
this point cannot be reached without a violation of the second law. 

Give the Fowler-Guggenheim statement of the third law. 

Is the thin Law an extension of the second law? Is it an independent Jaw of 
nature? Explain. 

How does the efficiency of a reversible engine vary as the source and sink 
temperatures аге vaned? When does the efficiency become [00%7 

For a given T;, show that the COP of a refrigerator increases as T, decreases, 
Explain how the Kelvin temperature сай be measured with a gas thermometer, 
Establish the equality af ideal gas temperature and Kelvin temperature. 

What do you understand by internal irreversibility and extemal irreversibility? 
Explain merhamcal, thermal and chemical irreversibilities. 

A Carnot engine with a fuel buming device as source and a heat smk cannot be 
treated as а reversible plant. Explain. 


PROBLEMS 


6.1 


6.2 


An inventor claims t» have developed an engine that akes in 105 МК] ма 
temperature o£ 400 K, rejects 42 МУ at à temperature of 200 К, and delivers 
15 kWh of mechanical work. Would you advise invesing money to put this 
engine in the market? 
Га refrigerator is used for heating purposes in winter зо that the atmosphere 
becomes the cold body and the room to be heaicd becomes the hot body, how 
much heat would Бе available for heating for each kW input to the driving moter? 
The COP of the refrigeramr is 5, and the electromechonical efficiency of the motor 
is НР. How does this compare with resistance healing? 

Ans. 5.4 kW, kW 
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6.3 


6.4 


6,5 


6.6 


6.7 


6,8 


6.9 


Using ап engine of 30% thermal efficiency of drive a refrigerator having a COP 
of 5, what is the heat inpuit into the engine for each MJ removed from the cold 
beady by the refrigerator? 
Ans. 666.67 kJ 
If this system is used as a heat pump, how many MJ of heat would be available 
for heating for cach MJ of heat input to the engine? 
Ans. 1.8 М] 
An elecirie storage battery which can exchange heat only with a constant 
temperature atmosphere goes through à complete cycle of bwo processes. іп 
process 1—2, 2.8 kWh of electrical work Now into the battery while 732 KJ of heat 
Now out to the аппоѕрћеге, During process 2-І, 2.4 kWh of work flow out ofthe 
battery. (а) Find the heat transfer in process 2-1. (by Ш the process 1-2 has 
occurred as above, does the first law or the second law limit the maximum 
possible work of process 2—1? What is the maximum possible work? (c) If the 
maximum possible work were obtained in process 2-і, what will be Ше heat 
transfer in ihe process? 
{a} — 708 kJ (b) Second law, Н, = 9348 kJ (c) Quy = 9 
А household refrigeritor is maintained at a temperature of 2°C, Every dime the 
door i5 opened, warn material is placed inside, introducing an average of 420 kJ, 
but making oniy а smali change in the temperature of the refrigerator. The door is 
opened 20 times а day, and the пейтеегатог operates at [595 of the ideal СОР, The 
cost of work is 32 paise per kWh. What is une monthly bill for this refrigerator? 
The atronsphere js at 30°C. 
Ans. Rs. 15.20 
А heat pump working on the Carnot cycle takes in heat from a reservoir at 597 
and delivers hear то а reservoir at 60°C. The heat pump is driven by a reversible 
hear engine which takes in heat from 2 reservoir at $40^C and rejects beat to а 
reservoir at 60°C. The reversible heat engine aiso drives a machine that absorbs 
30 kW. [f the heat pump extracts 17 kJ/s from the 5°C reservoir, determine (a) 
the rate of heal supply froma the 84097 source, and (b) the гаш of hem rejection to 
ihe 60°C sink. 
Ans. (а) 47,61 kW; (b) 34.61 kW 
A refrigeration plant for a food store operates with a COP which is 4056 of the 
ideal COP of a Carnot of refngarator. The store is to be maintained at a 
temperature of -$°C and the heat transfer from the store to the cycle is at ihe rate 
of 5 kW. Hf heal is transferred from the cycle to ihe atmosphere at a temperature of 
25°C, calculate the power required to drive che plant and the heai discharged to 
the atmesphere. 
Ans. 4.4 kW, 6.4 КҮҮ 
А heat engine is used to drive а heat pump. The heat transfers from ihe heat 
engine and from the heat pump аге used to heat the water circulating through the 
radiators of a building. The efficiency of the heat engine is 27% and Һе COP of 
ihe heat pump is 4. Evaluate the ratio of the heat transfer to une circulating water 
to the heat transfer to Іле heat engine. 

Ans. 1.81 
if 20 kJ are added to а Carnot cycle at a temperature of 100°C and 14.6 kJ аге 
rejected at 0*C, determine the location of absolute zero on the Celsius scale. 

Aus, -270.37°C 


6,10 


6.11 


6,12 


6.13 


6.14 


6.15 
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Two reversible heal engines 4 and Ë are arranged in series, A rejecting heat 
directly to В. Engine A receives 200 kJ at a temperature of 421°C from a hot 
source, while engine Я 1s in communication with а cold sink ai в temperature of 
44°C. И the work output of A is twice that of A, find (в) the inienmediale 
temperature between 4 and B, (b? the efficiency of each engine, and (c) the heat 
rejected 16 the cold sink. 
Ans. 143.4" C, 40% & 33.5%, 80 kJ 
А heal engine operates berween the maximum and minimum temperatures of 
ATIC and 60°C respectively, with an efficiency of 50% of the appropriate Carnot 
efficiency. [t drives а heat pump which uses river water at 4.4°C 10 heal a block 
of flat in which ihe vemperature 15 to be maintained at 21.1"C. Assuming thai à 
temperature difference of 11,1°C exists between the working fluid and the river 
water, on the onc hand, апа the required room temperature on tbe olher, and 
assuming the heat pump to operate on the reversed Camot cycle, but with a СОР 
of 50% of the ideal COP, find the heat input to the engine per unit heat output 
from the heat pump. Why is direct heating thermodynamically more wasteful? 
Ans, 0.79 КМ] heat кпап 
Ап ice-making plant produces ice at atmospheric pressure and at ОС from water 
at OPC, The mean demperature of the cooling water circulaing through the 
condenser of the refrigerating machine is 18°C. Evaluate the minimum electrical 
work in kWh required to produce d tonne of ice. (The enthalpy of fusion af ice at 
atmospheric pressure is 333.5 kJ/kg). 
Ars. 6.11 kWh 
А reversible engine works between three thermal! reservoirs, A, 8 and С. The 
engine ahsorbs an equal amount of heat from the thermal reservoirs d and 8 kept 
al temperatures Т, and Гр respectively, and rejects heal to the thermal reserenir C 
kept at temperature Т. The efficiency of the engine 19 a times the efficiency of 
ihe reversibie engine, which works between ihe two reservoirs A and С, Prove 
thai г 


Jn = (2a@—-1}+ 2(1 – а) ТА. 
Tg Ic 
A reversible enginc operates between temperatures T, and ДТ, > T), The energy 
rejected from this engine is received by a second reversible engine at the same 
temperature Г. The second engine rejects energy at temperature Г, (T4 <T). Show 
that (2) temperature Г is the arithinetic mean of temperatures 7, amd T, if the 
engines produce the same amount of work output, and (b) temperature T is the 
peometric mean of temperarures T, and Т. if ihe engines have the same cycle 
efficiencies. 
Two Camot engines 4 шы] Я are connected in series between rwo thermal 
reservoirs maintamed at [000 K ond 100 K respectively. Engine А receives 
1680 kJ of heat from the high-temperature reservoir and rejects heat to the Carnot 
engine Л. Engine В takes in heat rejected by engine d and rejects heat ta the low- 
іктпреташге reservoir. ЇЇ engines А and Я have equal thermal efficiencies, 
determine {a} the heat rejected by engine B, (cb) tl. temperature at which heat is 
rejected by engine A, and ic) the work done during the process by engines А and , 
B respectively. If engines А and А deliver equal werk, determine (d) the amount 
of heat taken in by engine &, and (е) the efficiencies of engines 4 and В. 
Ans. (a) 168 kJ, (b) 316.2 K (c) E145.7, 563.3 kl, 
(d) 924 kJ, (е) 45%, 81.8%. 
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6.16 


6.17 


6.18 


6.19 


6.20 


6.21 


6.22 


А Белі pump is to be used to heat a house m winter and then reversed to cool the 
house in summer. The interior temperature is to be maintained at 70°C. Heat 
transfer through the walls and roof is estymated to һе 0.525 kJ/s per degree 
lemperature difference between the inside aad outside. (а) If the outside 
lemmperature in wieter is 5217, what is the minimum power required te drive the 
heat pump? (B) 1f the power ovipud is lhe same as tn рагі (2), what is the 
maximum outer temperature for which the inside can be maintained at 20°С? 
Ans. (a) 403 W, (b) 15°С, 
Consider an engine in ouier space which орегаеѕ on the Camot cycle, The only 
way in which heat can be transferred from the enging із by radiation. The rate at 
which heat ia radiated is proportional to the fourth power of the absolute 
temperature P; end to the area of the radiating surface, Show that for à given 
power output and a giver Тү, the area of the radiator will be a minimum when 


1.3 


4 
It lakes 10 kW to keep the interior of a cenain house at 20°C when the outside 
тетпрегакшт: 15 0°С. This heat Dow is usually obtained directly by burning gas or 
oil. Calculate the power required if the 10 KW heat flow were supplied by 
operating a reversible beat put with the house as the upper reservoir and the 
outside surroundings ag the power reservoir. 
Ans, 0,6826 KW 
Prove that the COP of a reversible refrigerator operating between rwo given 
temperatures is the maximum, 
A house is ta be maintained at a temperature of 20°C by means of a heat pump 
pumping heat from the atmosphere. Heat losses through the walls of the house 
are estimated at 0.65 ЕЛУ per ипи of temperature difference between the inside of 
the house and the atmosphere. (а) [F the atmospheric temperature is - 10? C, what 
is the minimum power required to drrve the pump? (b) [t is proposed to use ihe 
same heal pump te coo! the house in summer. For the same room temperature, 
Ше same heat loss rate, and tbe same power input to Lhe pump, what is ihe 
maximum permissible atmospheric temperature? 
Ans. 2 kW, 50°C, 
A solar-powered beat pump receives heat fram a solar collector at Т, rejects heat 
to lhe atmosphere at T, and pumps beat from a cold space at Т. The three heat 
transfer raices are Qy Q,, and Q, respectively. Derive an expression for the 
minimum ratio „ЧӘ, їп terms of the three temperatures. 
IF T, = 400 K, 7, 2 300 K, T, = 200 K, 0, = 12 kW, what is the minimum С И 
the collector caprores 0,2 kW/m^, what is the minimum collector area required? 
Ans. 24 kW, 120 m 
A heat engine operating between two reservoirs at 1000 К and 300 K is used to 
drive a heat pump which extracts heat from the reservoir at 300 K at a rate twice 
that at which the engine rejects heat to it. [f the efficiency of the engine 15 405% of 
the maximum pussible and the COP of the heat pump is 505 of the maximum 
possible, what is the temperature of the reservoir to which the heat pump rejects 
heat? What is the rate of heat rejection from the heat pump if the rate of heat 
supply to ihe engine is 50 kW? 
Ams, 326.5 K, 86 kW 
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А reversible power cycle 15 used io drive p reversible heat pump «vele. The power 
cycle kes in (2) heat units at T, and rejects ch at Т. The head pump abstracts (2, 
from the sink at T, and discharges Q, at 7,. Develop an expression for the rutio 
QUO, їп terms of the four temperatures. 
ang, © А-Б) 
© AR- I) 
Prove that the following propositions are logically equivalent: (a) A РММ2 15 
impossible, (b) A weighi sliding ai constant velocity down a frictional inclined 
plane executes an irreversible process. 
A heat engine receives half af its heat supply at 109 K and half at 500 К, while 
rejecting heat to a sink al 200 K. What із the maximum possible thermal 
efficiency of this heat engine? 
Anr. 0.55 

А heat pump provides 3 x 10* КУЛЬ to maintai a dwcliing ai 23°C on a day when 
the oulside temperare is C. The power input to the heat pump 15 4 KW. 
Determine ће COP of the heat pump and compare it with the COP of a reversible 
heat pump operating between Ше reservoirs at the same two temperatures. 

Ans. 2.08, 12.87 
A reversible power cycle receiver energy (J| irom a reservoir ai temperature T) 
and rejects Q to а reservoir al Jemperature Го. Рае work developed by the power 
cycle is used to drive a reversible heat pump that removes energy (У. from a ` 
reservoir at temperature 77; and rejects energy (| lo a reservoir at temperature 
T'e (а) Determine an expression for the ratio Q',/Q, in terms of the four 
temperatures. (b) What must be the relationship of the temperarures 7,, 7, Г 
and 77, for 71/02, to exceed a value of unity? 
О-Б), 


tb) 


љ -h 
r, | “Шә 
О N-i) Г; 


am. 
a 


Ans, іа) T 
i 


6.28 When the outside temperature 15 — 10°C, à residential heat pump must provide 


38 x 10° kJ per day to a dwelling to maintain Из temperarure at 20°C. IF 
electricity costs Rs. 2.10 per kWh, find the minimum theoretical operating cost 
for cach day of operation. 


Ans, Rs. 208.83 


7.1 Introduction 


The first law о thermodynamics was stated in terms of cycles first and it was 
shown that the cyclic integral of heat is equal to the cyclic integral of work. When 
the first law was applied for thermodynamic processes, the existence of a 
property, the internal energy, was found. Similarly, the second law was also first 
stated in terms of cycles executed by systems. When applied to processes, the 
second law also leads to the definition of a new property, known as entropy. Ifthe 
first law is said to be the law of internal energy, then second law may be stated to 
be the law of entropy. In fact, thermodynamics is the study of three E's, namely, 
energy, equilibrium and entropy. 


72 Two Reversible Adiabatic Paths Cannot 
Intersect Each Other 


Let it be assumed that two reversible adiabatics АС and AC intersect each other at 
point C (Fig. 7.1). Let a reversible isotherm 428 be drawn іп such a way that it 
intersecis the reversible adiabatics аї 4 and В. The three reversible processes АВ, 
ЕС, and СА together constitute a reversible cycle, and the area included 
represents the net work output in a cycle. But such a cycle is impossible, since net 
work is being produced in a cycle by a heat engine by exchanging heat with a 
single reservoir in the process AB, which violates the Kelvin-Planck statement of 
the second law. Therefore, the assumption of the intersection of the reversible 
adiabatics is wrong. Through one point. there can pass only one reversible 
adiabatic. 

Since two constant property lines can never intersect each other, it is inferred 
that а reversibie adiabatic path must represent some property, which 15 yet to be 
identified. 


Entropy -= 153 


-- Rev. 
B / isotherm 


Fig. 7.1 Amumpiion of kee reversible adiabatic internecting each other 


73 Clausius’ Theorem 


Let a system be taken from an equilibrium state i to another equilibrium state / by 
following the reversible path i-f (Fig. 7.2). Let a reversible adiabatic i-a be 
drawn through i and another reversible adiabatic 5—/ be drawn through f, Then a 
reversible isotherm 4-2 15 drawn in such a way that the area under i—1—5- із 
equal to the area under i—f. Applying the first law for 


Fig. 7.2 Reversibis path sulutituded by luo reversible adiabatizs and a reversible отт 


Process i-f 


г = Ur- + и {7.1} 

Process a-b- 
Quir = Er- М ы (7.2) 

Since 

Wie = Pine 
^. From Eqs (7.1) and (7.2) 

О,- Quer 

= Qu tO, + Doe 


Since О. = 0 апд О,,-0 
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Os = Qus 


Heat transferred in the process 1-/ is equal to the heat transferred m the 
isothermal process ab. 

Thus any reversible path may be substituted by a reversible zigzag path, 
between the same end slates, consisting of a reversible adiabatic followed by a 
reversible isotherm and then by a reversible adiabatic, such that the heat 
transferred during the isothermal process is the same as that transferred during 
the onginal process. 

Let à smooth closed curve representing a reversible cycle (Fig. 7.3) be 
considered. Let the closed cycle be divided into a large number of strips by means 
of reversible adiabatics. Each smip тау be closed at the top and bottom by 
reversible isotherms. The original closed cycle is thus replaced by a zigzag closed 
path consisting of alternate adiabatic and isothermal processes, such that the 
heat transferred during all the isothermal processes is equal to the heat 
transferred in the original cycle. Thus the original cycle is replaced by a large 
number of Carnot cycles. If the adiabatics are close to one another and the 
number of Carnot cycles is large, the saw-toothed zigzag line will coincide with 
the original cycle. 


For the elemental cycle abed, d ©, heat is absorbed reversibly at 7), and 4/2, 
heat is rejected reversibly at Т, 


Fig. 7.3 А reversible cycle split inta а large number of Carnot сусиз 


пә, _ do 
1 7 
If heat supplied is takeo as positive and heat rejected as negative 
n R 
Similarly, for the elemental cycle efgh 
d d 
0,4020 


n Т, 


Entropy -= 155 


If similar equattons are written for all (he elemental Carnot cycles, (hen for 
the whole original cycle 


ао, , © „4% , dQ, | 0 
n nh 5B Т, 


or {20 0 (7.3) 
«7 

The cyclic integral of &Q/7 for a reversible cycle is equal to zero. This is 

known as Clausins' theorem. The letter £ emphasizes the fact that the equation 


is valid only for a reversible cycle. 


7.4 The Property of Entropy 


Let a system be taken from an initial equilibrium slate i to a final equilibrium 
state / by following the reversible path А, (Fig. 7.4). The system is brought 


Ry 


Н--т-Г.....-. 


— uU 


Fig. 7.4 Tmo тит paths Б, and К. beiween two equilibrium states i and f 


back from /to f by following another reversible path £.. Then the two paths А, 
and A, together constitute a reversible cycle. From Clausius' theorem 


82 
J T 


The above integral may Бе replaced as the sum of two integrals, one for path 
К, and the other for path К, 


or 
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Since Я. is а reversible path 


t 
Since Ж, and E, represent any two reversible paths, ES is independent of 
[| 


[ 
the reversible path connecting ғ and /. Therefore, there exists a property of a 
system whose value at the final state / minus its value at the initial state 7 is equal 


Е 
to |2. This property is called entropy, and is denoted by S. If S; is the ешгеру 


R 
at the initia] зіме i, and 5, is the entropy at the final state / then 


IF -%-5 (7.4) 


When the two equilibrium states are infinitesimally near 
% - = 4$ (7.5) 


where 45 is an exact differential because S is a point function and a property. 
The subscript £ in #0 indicates that heat dO is transferred reversibly. 

The word ‘entropy’ was first used by Clausius, taken frorn the Greek word 
"trapec' meaning ‘transformation’. it is an extensive property, and has the unit 
ІК. The specihic entropy 


s=— ИК 
m 


If the system rs taken from an mival equilibrium state i to a final equilibrium 
state by an irreversible path, since entropy is a point or slate function, and the 
entropy change is independent of the path followed, the non-reversible path is № 
be replaced by a reversible path to integrate for the evaluation of entropy change 
in the irreversible process (Fig. 7.5). 


| 
_| 
| 
| 
| 
| 
| 
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Fig. 7-5 Integration сан be done only on a renersibie path 
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Е 
a 
Se S= |26 = (Азу pat (7.6) 
1 
Integration сап be performed ouly on a reversible path. 
7.4.1 Temperature-Entropy Plot 


The infinitesimal change in entropy 45 due to reversible heat transfer fO at 
temperature Гіз 


as = Tm 
T 
If 4Q,,,, = 0, Le., the process is reversible and adiabatic 
Дз = 0 
and S = constant 


А reversible adiabatic process 15, therefore, an isentropic process, 
Now 


dO. = Tay 
f 
or On, = | 745 
The system 15 taken from i to Г reversibly (Fig. 7.6). The area under the 


f 
curve | T 95 is equal te the heat transferred іп Ше process. 


І 
For reversible isothermal heat transfer (Fig. 7.7), T = constant. 


S „с Я 
Fig. 7.6 Arsa under a reversible poik on Fig. 7.7 Reversible isothermal hent transfer 
tae T-s plot represents Ма transfer 
f 
^ Qu, =T | 45= 15-8) 
i 


For a reversible adiabatic process, dS = 0, 5 = C (Fig. 7.8). 

The Carnot cycie comprising two reversible isotherms and rwo reversible 
adiabatics forms a rectangle in the T-S plane (Fig. 7.9). Process 4—1 represents 
reversible isothermal heat addition О, to the system at T, from an external 
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——+ T 


| _ 


—— 5S 


Fig. 7.8  Renersibie adiabatic i Fig. 7.9 Carnai cie 
Lrentropre 


source, process 1-2 is the reversible adiabatic expansion of the system 
producing Fe amount of work, process 2-3 is the reversible isothermal heat 
rejection from the system to an extemal sink at 7,, and process 3—4 represents 
reversible adiabatic compression of the system consuming ІР, amount of work. 
Area 1 2 3 4 represents the net work output per cycle and the area under 4-і 
indicales the quantity of heat added to the sysiem Q,. 
- Л —5,)-T(5 - 5 
т” -0-0.148-5)-1,6,-5,) 
== 0 (5-54) 

n-n В 

Т Т 
апа Fæ = ©, - 02 = (7, - Ta) {$1 - 84) 


7.5 Principle of Caratheodory 


The ргорепу “entropy” was here introduced through the historical route as 
initiated by the engineer Carnot and elaborated by the physicists Kelvin and 
Clausius. Starting with the statement expressing the impossibility of converting 
heat completely into work, or the impossibility of spontaneous heat flow from а 
colder to a hotter body, an ideal heat engine of maximum efficiency was 
described. With the aid of this ideal engine, an absolute temperature scale was 
defined and the Clausius theorem proved. On the basis of the Clausius theorem, 
the existence of an eniropy function was inferred. 

In 1909. the Greek mathematician Caratheodory proved the existence of an 
entropy function without the aid of Carnot engines and refrigerators, but only 
by mathematical deduction. Let us consider a system whose states are 
determined by three thermodynamic coordinates x, y and z. Then the first law in 
differentia! form may be wriiten as 


tO = Adz + Bdy + Сё, 


where 4, B, and C are functions of x. у and z. The adiabalic, reversible transition 
of this system is subject to the condition 


tO = дах + Bdy + Cd: = 0 
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which leads to the mathematical statement of the second law as: 

ін the neighbourhood of any arbitrary initial state Р of a physical rystem 
there exist neighbouring states which are not accessible from P, along quasi- 
static adiabatic paths. 

lt follows from Caraitheodory’s theorem that this is possible if and only if 
there exist functions Г and $ such that: 


dQ = Adr + Bdy + СЧ = Тал 


Thus, by stating the second law in terms of the inaccessibility of certain 
slates by adíabalic paths, and by using a maihematical theorem (for the proof 
see Hsieh), Caratheodory mferred the existence of an entropy function and ап 
integraling factor connected with the Kelvin temperature. 


7.6 The Inequality of Clausius 


Let us consider a cycle ABCD (Fig. 7.10). Let АВ be a general process, either 
reversible or irreversible, while the other processes in the cycle are reversible. 
Let the cycle be divided into a number of elementary cycles, as shown. For one 
of these elementary cycles 


„К Rev. adiabatics 
27 N. 


-er 


Fig. 7.20 Jneguality of Clausius 


10, 
n=l- чо 


where А 19 the heat supplied at 7, and 40, the heat rejected at Т. 
Now, the efficiency of a general cycle will be equal to or less than the 
efficiency of a reversible cycle. 
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d 
Or dQ, “ 


- E: 


40 
Г, 
For а reversible process 


b- 40» _ 


Hence, for any process АВ 


Then for any cycle 


EN 5 so for апу process АВ, reversible or irreversible. 


(7.7) 


(7.8) 


Since entropy is a property and the cyclic integral of any property is zero 


(7.3) 


This equation ін known as the inequality of Clausius. It provides the criterion 


of the reversibility of o cycle. 


If FE = 0, the cycle is reversible, 


T 


49 < 0, the cycle is irreversible and possible 
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tg > 0, the cycle is impossible, since it violates the second law. 


7.7 Entropy Change in an Irreversible Process 


For any process undergone by a system, we have from Eq. (7.8) 
40 

— adr 
T 

or ds 2 20 0 (7.10) 


This is further clanfied " we consider the cycles as shawn іп Fig. 7.11, 


—-.- 


--- 5 


Fig. 7.11 Entropy change in an irreversible process 


where А and В are reversible processes and C is an irreversible process. For the 
reversible cycle consisting of 4 and В 


А 
A 
or (40-142 (7.11) 
г Г Т 
А В 


For the irreversible cycle consisting ofA and C, by the inequality of Clausius, 


10 (42,14 
— Vr <0 (7.12) 


e 


А 
From Eqs (7.11) and (7.12), 
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T iT 
| | 
4:0 1409 
— ---- 7.1 
EHE om 
B C 
Since the path B is reversible, 
| 1 
|42 - |85 (7.14) 
270: 
B Ө 


Since entropy 15 а property,entropy changes for the paths B and C would be 
ihe same. Therefore, 


[ as= f as (7.15) 
2 2 
B C 


From Eqs (7.13) to (7.15), 


Thus, for any irreversible process, 
as» 49 
T 
whereas for a reversible process 
ERIS 


Therefore, for the general case, we can write 


as» 42 
I 


2 
or $,-5,2 | яе (7.16) 
| 


The equality sign holds good for a reversible process and the inequality sign 
for an trreversible process. 
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7.8 Entropy Principle 


For any infinitesimal process undergone by a system, we һауе from Eq. (7.10) 
for the total mass 


asa 10 
Т 


For an isolated system which does not undergo any energy interaction with 
the surroundings, 40 = 0. 
Therefore, for an isolated system 


48220 (7.17) 
For a reversible process, 
4%, „ = 0 
ог 5 = constant 
For an irreversible process 
$, > 0 


it is thus proved that the entropy of an isolated system can never decrease. It 
always increases and remains constant only when the process is reversible. 
This is known as the principle of increase of entropy, or simply the entropy 
principle. It is the quantitative general statement of second law from the 
macroscopic viewpoint. 

Ап isolated system can always be fermed by including any system and its 
surroundings within a single boundary (Fig. 7.12). Sometimes the original 
system which is then only a part of the isolated system is called a *subsysteia'. 


- &yslem 
| ad 
OQ | 
E 
БАС» -Ж 
* о 


Surroundings isolated 
(composite) system 


Fig. 7.12 Лоо system 


The system and the surroundings together (the universe or the isolated 
system) include everything which is affected by the process, For all possible 
processes that a sysiem in the given surroundings can undergo 


d5 univ 2 0 


univ 
or d5,,, + d5,,, 2 0 (7.18) 

Eutropy may decrease locally at some region within the isolated system, but 
it must be compensated by a greater increase of entropy somewhere within the 
system so that the net effect of an irreversible process is an entropy increase of 
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the whole system. The entropy increase of an isolated system is a measure of 
the extent of irreversibiliry of the process undergone by the system. 

Rudolf Claustus summarized the first and second laws of thermodynamics іп 
the following words: 

(a) Die Energie der Welt ist Constant. 

(b) Die Entropie der Welt strebt einem Maximum zu. 

Га) The energy of the world (universe) is constant. 

(b) The entropy of the world tends towards a maximum.) 

The entropy of an isolated system always increases and becomes a maximum 
at the state of equilibrium. If the entropy of an isolated system varies with some 
parameter x, then there is а сепа valne of т, which maximizes the entropy 


ы 


[when 52. ш o) and represents the equilibrium state (Fig. 7.13). The system is 


then said to exist at the peak of the entropy hill, and 45 = 0. When the system is 
at equilibrium, any conceivable change in entropy would be zero. 


Sma 


Fig. 7.13  Eguüübrium май of an isolated system 


N 
7.9 Applications of Entropy Principle 


The principle of increase of entropy is one of the most important laws of 
physical science, 11 is the quantitative statement of ihe second law of 
thermodynamics. Every inmeversible process is accompanied by entropy 
increase of the universe, and this entropy increase quantifies the extent of 
irreversibility of the process The higher the entropy increase of the universe, 
the higher will be the irreversibilicy of the process. A few applications of the 
entropy principle are illustrated in the following. 


7.9.1 Transfer of heat through a Finife Temperalure Difference 


Let О be the rate of heat transfer from reservoir 4 аі 7, to reservoir B a F}, 
T, > T, (Fig. 7.14). 

For reservoir А, AS, = — O/T). lt ts negative because heat O flows out of the 
reservoir. For reservoir B, AS, = + O/T. It is positive because heat flows into 
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и System boundary 


Reservolr А Reservoir E 
Fig. 7,14 Heat transfer through a finite temperature difference 


the reservoir. The rad connecting the reservoirs suffers no entropy change 
because, once in the steady state, Ив coordinates do not change. 

Therefore, for the isolated system comprising the reservoirs and the rod, and 
since entropy is an additive property 


5 2 5, + Sg 
AS iv 
_ 0, o 1-1 
ог АЎ niv = — „л: 
™ T "m T 


Since T, > Ғ,, AS, niy 15 positive, and the process is irreversible and possible. 
If 7, = T, ASQ 18 Zero, and the process is reversible. if T, < Ta А5, 15 
negative and the process is impossible. 


7.9.2 Mixing of Two Fluids 


Subsystem | having a fluid of mass m, specific heat cj, and temperature г,, and 
subsystem 2 consisting of a fluid of mass m, speciltc heat c,, and temperature 
I, comprise a composite system in an adiabatic enclosure (Fig. 7.15). When the 
partition ік removed, the two fluids mix together, and at 


Partition 


у .- Adiabatic 
| "7 tọ endosu 
1 m, f 
d" "us tad 

‚| * " B È а." M 

"+. 1 ime od 
| | у; d. s 

пу... P 

ACA CA 

fier СА 


`— Subsystem 1 ~ Subsystem 2 
Fig. 7.15 Miring of Кес fiuids 
equilibrium let fp be the final temperature, and £4 « f; € |. Since energy interaction 
15 exclusively confined to the two fluids, the system being isolated 


т, СИА -- 1) = "ms C^ (p — t4) 
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_ тісі men 
"hc + mac 
Entropy change for the fluid in subsystem 1 


This will be negative, since T, > Тү. 
Entropy change for the fluid in subsystem 2 


"t m. c,dT Т 273 
as, = |72007 ы. In 2 te 


р T Т, 10, +273 


This will be positive, since 7, < 1, 
AS univ - AS, + AS, 


= M, €] E Emer n ct 


А5 will be positive definite, and the mixing process is irreversible. 
Although the mixing process is irreversible, to evaluate the entropy change 
for the subsystems, the irreversible path was replaced by a reversible path on 
which the integration was performed. 
If m, = mM, = м and с, = с = с. 


Т? 
Аз, = Mc ІП f 
| ТТ, 
and Т.- тісі) + 712625) 1-1 
f HOC, + т.с, 2 
AS. = 2 me In St 27/2 


JIT, 

This is always positive, since the arithmenc mean of any two numbers is 
always greater than their geometric mean. This can also be proved geometri- 
cally. Let a serni-cucie be drawn with (7, + Г.) as diameter (Fig. 7.16). 

Hee, АВ = Т, ВС = Г, ad OE = (T, + 7,У/2. It ts known that 
(DBY = AB: ВС = T, 


Mow, ОЕ > DR 
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Fig. 7.16 Geomstrical proof to show that g.m © a.m. 


7.9.8 Maximum Work Obtainabe from Two Finite Bodies 
ai Temperatures Т, and T, 


Let из consider two identical fimie bodies of constant heat capacity at 
temperntures 7, and 7, respectively, Г, being higher than Ту, If the two bodies 
are merely brought together into thermal contact, delivering no work, the final 
temperature 7; reached would be the maximum 


ith 


Т, = 
d 2 


Body 1 | 
22. Ti T 
if a heat engine is operated between 


the two bodies acting as thermal en- lo, 


сүру reservoirs (Fig. 7.17), pari of the LL. 
heat withdrawn from body 1 1$ con- HE. — + р W= - 

verted to work IF by the heat engine, o С” 1% 
and the remainder is rejected to body 


7771 


2. The lowest attainable final tempera- 9% 

Іше Тү corresponds to the delivery of Body 2 

the iargest possible amount of work, - Ton 

and is associated with a reversible 

process. Fig. 7.17 Maximum work obtainable 
As work is delivered by the heat from two finite bodies 


engine, the temperature of body 1 wall 
be decreasing and that of body 2 will be increasing. When bath the bodies attain 
the final temperature T, the heat engine will stop operating. Let the bodies 
remain at constant pressure and undergo no change of phase. 

Total heat withdrawn from body 1 

Qi - С; (7 7 Ts) 

where C, is the heat capacity of the two bodies at constant pressure. 

Total heat rejected to body 2 


Q= С (7,- Ta) 
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^. Amount of total work delivered by the heat engine 
F=0 -Q, 
= Ср + T, - 27g (7.19) 
For given values of Cp, T, and 75, the magnitude of work FF depends on Тү. 
Wark obtainable will be maximum when 7; is minimum. 
Now, for body 1, entropy change AS, is given by 


T 
as = [d, 3. Lc, is 
РТ 7 
! 
For body 2, entropy change AS, would be 
Т 
АЗ, = С, dT = C, 1 ір 
n 1 үр 
2 


Since the working [uid operating in the heat engine cycle does not undergo 
any entropy change, AS of the working Яша in heat engine = j dS = D. 
Applying the entropy principle | 


А5,20 
Т, Т, 
C, In —- +c, а >20 
""n "ОТ, 
- Е 
C, In 20 7.20 
Pun (7.20) 
From equation (7.20), for T; ta be а minimum 
72 
с, = 0 
d TT 
Since Ср 0, 
2 
In di = 0- Ini 
1, 1, 
T= 5-7 (7.21) 


For FF to be a maximum, 7; will be УЛ 7; . From equation (7.19) 


2 
Итак = Gt- AIR = С, (У - 47) 

The final temperatures of the two bodies, initially at Г, and 7,, сап range 
from (7, + 7,)2 with no delivery of work to / 7; Т, with maximum delivery of 
work, 

7.94 Maximum Work Obdiainable from a Finite Body and a TER 


Let one of the bodies considered in the previous section be a thermal energy 
reservoir. The finite body has а thermal capacity C, and is at temperature 7 and 


Eniropy 


the TER is at temperature Гу, such that 
T> Ty Let a heat engine operate be- 
tween the two (Fig. 7.18). As heat is 
wilhdrawn from the body, its tem- 
perature decreases. The temperature 
of ihe TER would, however, remain 
unchanged at T4 The engine would 
stop working, when lhe temperature 
of the body reaches Л. Dunng that 
penod, the amount of work delivered 
is PF, and the heat rejected to the TER 
is (Q - И”). Then 
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| TER | 
| Та 
Fig. 7.18 Maximum work obtainable 
when one of the bodies ira TER 


T 
dT 
AS, -fa — =C, № 
Body ~ Т » 
КЕНЕН 
.Q-W 
ASTER = 
TER Т, 
Аблу Ср п 20 2-9 W 
0 
By the entropy principle, 
А5 пу 2 0 
Т, - 
LAE 720 
Т 
б 
ог C, In > 2-8 
T Ty 
ог 9-2 scd 
Ip T 
or ¥S0+7,C "ELI 
P F 


T, 
«0 T, C, In — 


of, 


"AES a -n)- 5! I (7.22) 


$ 


7.9.5 Processes Exhibiting External Mechanical Irreversibility 


(i) Isothermal Dimipation of Work Let us consider the isothermal 
dissipation of work through a system into the internal energy of a reservoir, as 
in the flow of an electric current / Lhrough а resistor in contact with a reservoir 
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(Fig. 7.19). At steady state, ihe interna! energy of the resistor and hence its 
temperature is constant. So, by first law 
w= 0 


с 


Suit. 
| aT | 


Fig. 7.19 — External mechanical irreversibility 


The flow of current represents work transfer. At steady state the work 15 
dissipated isothermaily into heat transfer to the surroundings. Since the 
surroundings absorb @ units of heat at temperature T, 


-2_¥ 
Se = = 
ш то T 
At steady stale, А5, = 0 
" Аб, = А5, AS = Ж. (7.23) 


The irreversible process is thus accompanied by an entropy increase of the 
universe. 
(Ш) Adiabatic Dissipation of Work Let if be the stiming work supplied to а 
viscous thermally insulated liquid, which is dissipated adiabaticaliv into internal 
energy increase of the liquid, the temperature of which increases from Т, to T; 
(Fig. 7,20). Since there is no flow of heat to or from the surroundings, 

А5. = 0 

To calculate the entropy change of the system, the onginal irreversible path 

(dotted line) must be replaced by a reversible one between the same end states, 


Insulation 


(а) (b) 
Fig. 7.20 Adiabatic dimipation of work 
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i and f. Let us replace the irreversible performance of work by a reversible 
isobaric flow of heat from a series of reservoirs ranging from 7; to 7; to cause 
Ihe same change іл the slate of the system. The entropy change of the system 
will be 


r 
сар рг Ir 
ит. j гит 
R R 
where C, ts the heat capacity of Ihe liquid. 
fr 
А5шу "45, + АЗ“ Ср Іп Т, (7.24) 


which ts positive. 
7.10 Entropy Transfer Mechanisms 


Entropy сап be fransferred to or from а system in two forms: hear transfer and 
mass flow. [n contrast, energy is transferred by work also. Entropy transfer is 
recognised at the system boundary as entropy crosses the boundary, and st 
represents the entropy gained or lost by a system during a process. The only 
form of entropy interaction associated with a fixed mass or closed system 18 
heat transfer, and thns the entropy transfer for an adiabatic closed system 15 
zero. И 15 being explained below in more details: 


(а) Heat Transfer Since 45 = = ‚ when heat js added to а system 4 О is 


positive, and the entropy of the system increases. When heat is removed from 
the system, 00 is negalive, and the entropy of the syslem decreases. 

Heat transferred to the system of fixed mass increases the intemal energy of 
the system, as a result of which the molecules (of a gas) move with higher 
kinetic energy and collide more frequently, and so the disorder in the system 
increases. Heat is thus regarded as disorganised or disordered energy transfer 
which increases molecular chaos (see Sec, 7.16), If heat О flows reversibly 
from the system to the surroundings at T; (Fig. 7.21), Ihe entropy increase of 
the surconndings 15 


AS = Q 
“бот 
The entropy of the system is reduced by 
AS ys = о 
To 


The temperature of the boundary where heat transfer occurs is the constant 
wmperanme 7, lt may be said that the system has lost entropy to the 
surroundings. Allernatively, one may state Ihat the surroundings have pained 
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entropy from the system. Therefore, there is entropy transfer from the system 
to the surroundings along with heat flow. In other words, since the heat inflow 
increases the molecular disorder, there is flow of disorder along with heat. The 
sign of entropy transfer is the same as the sign of heat transfer: positive, if into 
the system, and negarive, if out of the system. 


Fig. 7.21 Елінару transfer along with feat flow 


On the other hand, there is no entropy transfer associated with work. In 
Fig. 7.22, the system delivers work to a flywheel, where energy is stored in a 
fully recoverable form. The flywheel molecules are simply put into rotation 
around the axis in a perfectly organised manner, and there is no dissipation and 
hence no entropy increase of the flywheel. The same can be said about work 
transfer in the compression of a spring or in the raising of a weight by a certain 
height. There is thus no entropy transfer along with work. If work is dissipated 
adiabatically into intemal energy increase of the system (Subsection 7,9.5), 
there is an entropy increase in the system, but there is as such no entropy 
transfer to it. 

Work is thus entropy-free, and no entropy is transferred with work. Energy 
is transferred with both heat and work, whereas entropy is transferred only 
with heat. The first law of thermodynamics makes no distinction between heat 
transfer and work. It considers them as equals. The distinction between heat 
transfer and work is brought about by the second law: an energy interaction 
which is accompanied by entropy transfer is heat transfer, and an energy 
interaction which is not accompanied by entropy transfer is work. Thus, only 
energy is exchanged during work interaction, whereas both energy and entropy 
are exchanged during heat transfer. 


(b) Mass Flow Mass contains entropy as well as energy, and the entropy and 
energy of a system are proportional to the mass. When the mass of a system is 
doubled, so are the entropy and energy of the system. Both entropy and energy 
are carried into or out of a system by streams nf matter, and the rates of entropy 
and energy transport into or out of a system are proportional to the mass flow 
rate. Closed systems do not involve any mass flow and thus any entropy 
transport. When an amount of mass m enters or leaves a system, an entropy of 
amount ms, 5 being the specific entropy, accompanies it. Therefore, the entropy 
of a system increases by ms when the mass of amount m enters it, and decreases 
by the same amount when it leaves it at the same state. 


Машгін 
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Fig. 7.22 № entropy transfer along with work transfer 


711 Entropy Generation in a Closed System 


The entropy of any closed syslem can increase in two ways: 


(a) by heat interaction in which there is entropy transfer 
(b) internal irreversibilities or dissipative effects in which work (or К.Е.) is 
dissipated into internal energy increase. 


If d@ is the infinitesimal amount of heal transferred to the system through 
iis boundary at temperature 7, the same as that of the surroundings, the entropy 
increase 45 of the system can be expressed as 


45-45%45 


а 
- £ +45 (7.25) 


where 0.5 is the entropy increase due io external heat interaction and 4,5 is the 
entropy increase due to internal irreversibility. From Eq. (7.25), 


ад 
> — 
4$ > T 


dS 20 (7,26) 

Тһе entrapy increase due to internal irreversibility is also called entropy 
production or entropy репегапоп, 5... 

In other words, the entropy change of a system during a process is greater 
than the entropy Lransfer (d ОЛ) by an amount equal to rhe entropy generated 
during the process within the system (4-8), so that the entropy balance gives: 

Entropy change = Entropy transfer + Entropy generation 
AS ато = АҚ, ransfer + AS е 
which is a verbal statement of Eq. (7.25) and illustrated in Fig. 7.23. 

It may so happen that іп a process (e.g., the expansion of a hot fluid in a 

turbine) the entropy decrease of the system due to heat loss to the surroundings 


d . . . 
-{2 is equal to the entropy increase of the system due io internal 
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This portion of ihe boundary 
is at temperatura T,, 


| Entropy change of system 
Raservnir = Enlropy transfer (with C9) 
aT. ~| + Entropy generation 


(Бу kF, due to dissipation 


Fig. 7.23  Jüustration of tar entropy transfer and entropy production conrepts. 


imeversibilitves such as friction, etc. (8,5), іп which case the entropy of the 


system before and aller the process wil) remain the same (145 = 0), Therefore, 
an isentropic process need nat be adiabatic or reversible. 

But if the isentropic process is reversible, it must be adiabatic. Also, if the 
isentropic process is adiabatic, it cannot but be reversible, An adiabatic process 
леса по: be isentropic, since entropy can also increase due to friction etc. But if 
the process is adiabatic and reversible, it musi be isentropic. 

For an infinitesimal reversible process by a closed system, 


80; - dU, + враг 


If the process is irreversible, 


Since L/ ts a property, 
КА dQ,-pdF-dQ,-dW 
“ [S (e пат 
] 


The difference (pdF – АР) indicates the work that is lost duc to 
irreversibility, and is called the fost work d (LW), which approaches zero as the 
process approaches reversibility as a limit. Equation (7.27) can be expressed in 
the form 

dS = dS + dS 

Thus the entropy of a closed system increases due to heat addition (4,8) and 

internal dissipation (4,5). 
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In any process executed by a system, energy is always conserved, but 


entropy is produced internally. For any process between equilibrium states 1 
and 2 (Fig. 7.24), the first law сап be written as 


| &0-| &W-E,- E, 
1 1 


Energy Energy 
transler change 
or Qi = E- E + Wi 
a 
ГА 
ғ 
| 
— 
~~ en re 
Т / 
(Boundary -- 
Temperature) 


42 {Entropy Tranefer} 


Fig. 724  Sthrmatic of a closed sysiem interacting with іш rurroundings 


By the second taw, 


40 
5—18) 2 |-—=- 
2-91 r 


ыы к 


It is only the transfer of energy as heat which ts accompanied by entropy 
transfer, both of which occur at the boundary where the temperature is 7. 
Work interaction is not accompanied by any entropy transfer. The entropy 


2 
change of the system (5, - 5)) exceeds the entropy transfer |%. The 
| 


difference is produced internally due to irreveersibility. The amount of entropy 
generation 5, is given by 


5,-5- [46 - (7.28) 


Entropy  Еитору Entropy 
change ттан4 Ет production 
* а. S aen е Ü 
The second law states that, in general, any thermodynamic process is 
accompanied by entropy generation. 
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Process 1-2, which does not generate any entropy (Sen = 0), is a reversible 
process (Fig. 7.25). Paths for which Seon > 0 are considered irreversible. Like 
heat transfer and work mansier during the process 1-2, the entropy generation 
also depends on the path the system follows. S... is, therefore, not a thermody- 
bamic property and d $ en is an inexact differential, although (5, - 51) depends 
only on the end states, In the differential form, Eq. (7.28) can be written as 


—— Т 


—-5 


Fig. 7.25 Entropy generation depends on the path 


_ 40 
45, = d$- = (7.29} 


The amount of entropy generation quantifies the intrinsic irreversibiliry 
of the process. lf the path A causes more entropy generation than path B 
(Fig. 7.25), i.e. 


(Sue) A > Сев 
the path 4 is more irreversible than path B and involves more ‘last work’. 
If heat transfer occurs at severa] locations on the boundary of a system, the 
entropy transfer term can be expressed as a sum. so Eq. (7.28) takes the form 


8,-5ұт уа + Seen (7.30) 
j 5 


where 0/7, is the amount of entropy transferred through the portion of the 


boundary at temperature Т, 
On a time rate basis, the entropy balance can be written as 


85 _ 


о . 
Y + Son (7.31) 
ат “1 


Т 

where 45747 is the rate of change of entropy of the system, O/T, 18 the rate of 
entropy transfer through the portion of the boundary whose instantaneous 
temperature is Г, and 5,., is the rate of entropy generation due io irreversibilities 
within the system. 
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7.12 Entropy Generation in an Open System 


In an open system, there is trunsfer of three quantities: mass, energy and 
entropy. The contro! surface can have one or more openings for muss transfer 
(Fig. 7.26). It ts rigid, and there is shaft work transfer across it. 


V Sumoundings . 
. N ee , T9 
B == һи А s 
mi mus № 
X v \ 
му М” Control 


> volume t 
M E | 
Cc. S. 


/ 
Surface Mg MN 
Temperature, T- GON OY 
/ eee ` DÀ, 
à (Shafi Work 
(Entropy Transfer --- if нет Trensher Transfer Rata) 
Rate} Rate) 


Fig. 7.26 Schnmatic of an open трет and its interaction with surroundings 


The continuity equation gives 


| | OM 
2. я 2 ®. = 25 (7.32) 
net mass rate of mass 
іггіміет rat = accumulation 
inthe C¥ 


The energy equation gives 


{к ean) Xs Nan] +O- ky E (7.33) 


net rate of energy rate of ene 
t'Ansfer apccumulaticm in the CV 
The second law inequality or the entropy principle gives 
, 95 
Las- Lasti 2. (7.34) 
Tor 
net rate of entropy rate of increase of 
transfer entropy of the СҰ 


Неге (2 represents the rate of heat transfer at the location of the boundary 


where the inslantaneous temperature is 7. The ratio OIT accounts for the 
entropy transfer along with heat, The terms гл; and ms, account, respectively, 
for rates of entropy transfer into and out of the CV accompanying mass flow. 
The rate of entropy increase of the control volume exceds, or is equal to, the net 
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rate of entropy transfer 1nto it. The difference is the entropy generated within 
the control volume due io irreversibility. Hence, the rate of entropy generation is 
given by 


- Amst Limes, - e (7.35) 
І É 
By the second law, 


2 0 
if the process is reversible, S ep = 0. For an irreversible process, Seen > 0. 
The magnitude of $ кеп nile ies the imeversibility of ihe process, If systems 
А amd B operate so that СЛ > (ев it can be said that the system А 
operates more irreversibly than system В. The unit of $ со is W/K. 


Al steady state, the continuity equavon gives 
Уж = Уж, (7.36) 
the energy equation becomes 
‚о, ү? 
0= Q- X, Xn ва) 


and the entropy equation reduces to 


- Ун + У + ez) (7.37) 


0- А + улузу — Уаз, + Sea (7.38) 
t ё 


These equations often must be solved simultaneously, together with 
appropriate property relations. 

Moss and energy are conserved quantities, but entropy is not generally 
conserved. The rate at which entropy is transferred out must exceed the rate at 
which entropy enters the CV, the difference being the rate of entropy generated 
within the CV owing to irreversibilities. 

For one-inlet and one-exit control volumes, the entropy equation becomes 


б- С, (51 — 55) + Seen 


$ 
52-51 = (2) + (7.39) 
miT 


7.13 First and Second Laws Combined 


By the second law 
| 40.,-74 
and bry the first law, for a closed non-Ilow system, 
d Q- dU + pdF 
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T dS = dU + pdF (740) 
Again, the enthalpy 
H=U'+ pF 
dH = dU + pdV + Vdp 
= Tà5 + Гар 
Та = dH – йр (7.41) 


Equations (7.40) and (7.41) are the thermodynamic equations relating the 
properties of the system. 

Let us now examine the following equations as obtained from the frst and 
second laws; 

(а) ЧО = dE + AW—This equation hoids good for any process, reversible 

or reversible, and for any system. 

(b) 42 - dU + pd W—This equation holds good for any process undergone 
by a closed stationary system. 

(c) 40 = dU + pt V—This equation holds good for a closed system when 
only pd F-work is present, This is true only for a reversible (quasi-static) 
process. 

(d) dQ = 7d$—This equation is true only for a reversible process. 

(e) 715 = dU + раР--Тһіз equation holds good for any process reversible 
or irreversible, undergone by a closed system, since it is a relation among 
properties which are independent of the path. 

(f) 744 = dH — Vdp-This equation also relates only the properties of a 
system. There is no path funcrion term in the equation. Hence the 
equation holds good for any process. 

The use of the term ‘irreversible process’ is doubtful, since no irreversible 
path or process can be piotied on thermodynamic coordinates. Tt is more logical 
to slate that ‘the change of slate is irreversible, rather than say ‘it is an 
reversible process’. A natural process which is inherently irreversible is 
indicated hy а dotted line connecting the initial and fina! states, both of which 
are in equilibrium. The dotted line has no other meaning, since И can be drawn 
in any way. Го determine the entropy change for a real process, a known 
reversible path is made to connect the two end states, and integration is 
performed on this path using esther equation (е) or equation (f), a5 given above. 
Therefore, the entropy change of a system between two identifiable equilibrium 
states 15 the same whether the intervening process is reversible or the change of 
Slate 18 irreversibie, 


7.14 Reversible Adiabatic Work in a Steady 
Flow System 


In the differential form, the steady Пом energy equation per unit mass is given 
by Eq. (5.11), 
tQ = 4 VdV + gdZ + ай’, 
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For a reversible process, #0 = Tds 


2, Tdr = dh + Wd¥ + gdZ + 4 W, (7,42) 
Using the property relation, Eq. (7.41), per unit mass, 
Tdr = dh – udp 
in Ед. (7.42), we have 
-pdp = VdV + gdz + tW, (7.43) 
Cm intergraton 
2 у? 
! 
If the changes in KE and Р.Е. are neglected, Ед. (7.44) reduces to 
2 
W, = -[ odp (7.45) 
l 
If d Q = 0, implying cs = 0, ihe property relation gives 
dh = vdp | 
2 
аг h -h,= | vdp (7.46) 
i 
From Eqs (7.45) and (7.46). 
2 
W, = А-А = | vdp (7.47) 
р 


2 
The integral -| тір represenis an area on the p-p plane (Fig. 7.27). To make 

1 
the integration, one must have а relation between p and о such as pr^ = constant. 


Fig. 7.27 — Raerriblt зау flow work interaction 
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Entropy 
2 
E з= - hk =~ | vdp | 
1 „ш, 
= area 12 ab 1 


Equation (7.47) holds good for a steady Mow work-producing machine like an 
engine or turbine as well as for а work-absorbing machine like в pump or à 
compressor, when the fluid undergoes reversible adiabatic expansion or 
compression. 

It may be noted that for a closed stationary system like a gas confined in a 
piston-cylinder machine (Fig. 7.28), the reversible work done would be 


2 
Я, = | pd = Area 12 cd 1 
1 


Closad system 


(b) 


(а) 
Fig. 7.28 Asvetsibla work transfer іл (а) а closed system and (b) а steady flow system 


The reversible work done by a steady flow system (Fig. 7.28b) would be 


2 
ғ--| vdp = Area 12 ab 1 
І 
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7.15 Entropy and Direction: The Second Law—A 
Directional Law of Nature 


Since the entropy of an isolated system can never decrease, it follows that only 
those processes are possible in nature which would give an entropy increase for 
ihe system and ihe surroundings together (ihe universe}. All spontaneous 
processes in nature occur only in one direction from а higher to a lower 
potential, and these are accompanied by an entropy increase of the universe. 
When the potenual gradient is infinitesimal (or zero in the limit), the entropy 
change of the universe is zero, and the process is reversible. The second law 
indicates the direction in which a process takes place. A process always occurs 
in such a direction as to cause an increase in the entropy of the universe. The 
macroscopic change ceases only when the potential gradient disappears and the 
equilibrium is reached when the entropy of the universe assumes а maximum 
value. To determine the equilibrium state of an isolated system it is necessary ta 
express the entropy as a function of cenain properties of the system and then 
render ihe function а maximum. At equilibrium, the system (isolated) exists at 
the peak of the entropy-hill, and d5 = 0 (Fig. 7.13). 

The пашта direction of events in which entropy mertases indicates the 
‘arrow of tite’ which results from the universe not being in thermodynamic 
equilibrinm Ц undergoes a natural evolution and inexorably approaches the 
state of egoilibriam. 


7.16 Entropy and disorder 


Work is a macroscopic concept, Work involves order or the orderly motion of 
molecules, as in the expansion or compression of a gas. The kinetic energy ати! 
potential energy of a system represeni orderly forms of energy. The kinetic 
energy of a gas 13 due to the coordinated motion of all the molecules with the 
same average velocity in ihe same direcaon. The potential energy is due to the 
vantage posilion taken by the molecules or displacements of molecules from 
their normal positions. Heat or thermal energy is due to the random thermal 
mation of molecules in a completely disorderly fashion and the average velocity 
us zero. Orderly energy сап be readily converted into disorderly energy, c.g., 
mechanical and electrical energies into internal energy (and then heat) by 
Éricuon and Joule effect. Orderly energy can also be converted into one another. 
But there are natural Штйапоня on the conversion of disorderly energy into 
orderly energy, as delineated by the second law, When work is disstpated into 
intemal energy, the disorderly motion of mojecules is increased. Two pases, 
when mixed, represent a higher degree of disorder than when they are separated. 
An irreversibje process always tends to take the system (isolated) 10 a slate of 
greater disorder. It is a tendency oo the part of nature to proceed to а state of 
greater disorder. An isolated system always tends ta a state of greater entropy. 
So there is a close fink between entropy and disorder. № may be stated roughly 
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that rhe entropy of a system is a measure of the degree of molecular disorder 
existing in the system. When heat is imparted to a system. the disorderly mation 
of molecules increases, and so ihe entropy of the system increases. The reverse 
occurs when heat is removed from the sysiem. 

Ludwig Boltzmann (1877) introduced statistical concepts to define disorder 
by attaching to each state а thermodynamic probability, expressed by the 
quantity W, which is greater the more disordered the slate is. The increase of 
entropy implies that the system proceeds by itself from one state to another 
with a higher thermodynamic probability {or disorder number), An irreversible 
process gocs on until the most probable state (equilibnum state when W is 
maximum) corresponding to the maximum үйіме of entropy is reached. 
Baitzmamn assumed a functional relation between 5 and W. While entropy is 
additive, probability is multiplicative. ifthe two paris 4 and В of a system in 
equilibrium are considered, the entropy 15 the sum 


5-5, + 5, 
and the thermodynamic probability is the product 
w= WW, 
Apain, S= 5S (PF) S, = Si F), and 55 = A Fp) 


XH) = ҒАРҒЫ) РА) + Ag) 
which is a well-known functiona! equaton for the logarithm. Thus the famous 
relation 15 reached 


S=Kin¥ (7.48) 


where K is a constant, known as Boltzmann constant. This is engraved upon 
Boltzmann's tombstone in Vienna. 

When W = 1, which represents the greatest order, 5 = 0. This occurs only at 
T — QK. This stale cannot be reached in a finite number of operations. This is the 
Nernst-Simon statement of third law of thermodynamics. In the case of a gas, 
IF increases due to an increase in volume Ё or temperature T. In the reversible 
adiabatic expansion of a gas the increase in disorder due to ap increase in volume 
is just compensated by the decrease in disorder due to à decrease jn temperature, 
so that the disorder number or entropy remains constant. 


7.17 Absolute Entropy 


it is important io note that one 16 interested only in the amount by which the 
entropy of the system changes in going from an initial to a final slate, and not in 
the value of ahsolute entropy. In cases where it is necessary, a zero value of 
entropy of the system at an arbitrarily chosen standard state is assigned, and the 
entropy changes аге calculated with reference to this standard state. 


7.18 Entropy and Information Theory 


The starting point of information theory is the concept of uncertainty, Let us 
define an event as an occurrence which ean result іп one of the many possible 
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outcomes, The outcome of the event is known only after it has occurred, and 
before iis occurrence we do not know which one of the several possible 
outcomes will actually result. We are thus uncertain with regard to the outcome 
before the occurrence of the event. АПег Lhe event has occurred, we are no 
longer uncertain about it. lf we know ог can assign a probability to cach one of 
the outcomes, then we will have some information as to which one of the 
outcomes ts most likely to occur. 

For example, let us consider the throwing of a dice and try to guess the 
result. Each event of turning 1, 2, 5, 4, 5 and 6 has а probability of 1/6. If it is 
told that the result is odd, the probability of a correct guess is 1/3. If it is told 
further that the number is not a 3, the probability of the correct guess becomes 
1/2, It is thus seen that the smaller the probability, greater is the uncertainty. 

The amount of information conveyed by a message increases as Lhe amount 
of uncertainty regarding the message becomes greater. The more it is known 
about the message a source will produce, the less the uncertainty, and less the 
information conveyed. The entropy of communication theory is a measure of 
this uncertainty conveyed by a message from a source. 

Ав stated earlier, in information theory a value of uncerlainty is associated 
with each outcome of an event. Let us denote the uncertainty about an outcome 
whose probability is p. The knowledge of this uncertainty depends on certain 
characteristics given below: 

1. The uncertainty и about an event 4 with possible outcomes Ni, Му, ... 
depends upon the probabilities ру, p», ... of these outcomes, or: 


и = (ру, fy ...] 
If p, is the probability of the i-th outcome: U 
и = f (pj) 
2. The uncertainty и is a monotonic function of the probability of the 
Quicome p and it decreases with increasing probability, or: 
du/dp < 0 

. When the probability p = 1, the uncertainty ы = 0. 

4. The uncertainty about two independent events 4 and B taken together as 
опе should be the sum of Ше uncertainties about 4 and В takeo 
separately, 

ч (4, B) = u, t ug 
In ether words, uncertainty is an additive property. In the case of 
probabilities, however, 


Lut 


КА, В) = Pa’ PB 
The funcuona! relationship between и and p can be derived, as in 
Еа. (7.48), 


u=—Kinp=Kin + (7.49) 
р 
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where К is a constant. Since p is always less than 1, и is always positive. 

5. M the event has a very large number of outcomes, an average value of 

uncertainty for the outcomes of the event is significant. 

If ру, рә, Ра» --- be the probabilities of the outcomes of an event with 
uncertainties Hp M5, Ма, .... then the average value of the uncerainty for the 
event as a whole is given by the expectation value of the uncertainty <u>, 
which is written as: 


<> = Y ри 
i 
,, Since p,'s are probabilities, 
5 р = 1 
i 
Again, since и, = — A In pj, 
therefore, <ш> = > р, щщ = – Ё > p, ln р; (7.50) 


The measure of uncertainty can be used іс define the amount of information 
contained in a message. The information in a message has the effect of reducing 
or eliminating uncertainties. We, therefore, define the information Гот а 
message аз the decrease in uncertainty as a result of receiving the message, or 

Ілш-ш (7.51) 
where м, and u, are the uncertainties before and after receiving the message 


respectively about the outcome with which the message is concerned. Using 
Eq. (7.49), 


I- К\п 22. (7.52) 
Pi 
where p, and p, are the probabilities before and after receiving the message 
respectively. 

If the message removes the uncertainty completely giving complete 
information about the outcome, и, = 0 and F= иу. In general, information ік 
equal to the uncertainty. When we are dealing with many outcomes with their 
associated uncertainties, we can define the average or expected value of the 
information, 


<[> = <u> = -КУ р. пр; (7.53) 


The expected value of information is also called entropy in information theory 
and is designated by the symbol 5, so that 


5=-КУ p, Inp, (7.54) 
i 


This is known as Shannon's formula. 
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7.18.1 Statistical Formalism 


Let Foe F4, ... V. are the values of the various outcomes, and ру, ро, ..., p, are 


the probabilities associated. Let Р is known as the average value of all the 
outcomes, which is the same ая the expected value, The equations of constraint 
аге; 


Ўр = 1 
Lpp, = <> = F (7.55) 


[f pès are given, then F can be estimated from the above equation. But if F 
is given and р“, s are required, then we have c unknowns, viz., P4, Pa ....p.. and 
only two equations. If c > 2, the problem is indeterminate. If one set of р" s is 
chosen arbitranly, some outcomes are сепаіпіу overemphasized. The problem 
is then how to avoid dias in selecting a certain set of ps. The answer according 
to E.T. Jaynes is to assign that set of values обо", s which is consistent with the 
given information and which maximizes the uncertainty. This is the principle of 
minimum prejudice, enunciated by Jaynes in the following words: 

"The least prejudiced or most unbiased estimate of probabilities is that 
assignment which maximizes the entropy 5, subject io the given informatian ". 

The entropy 5 represents the uncertainty of an event, which is to һе 
maximized: 

S=- k Lp lap, (7.54) 
subject to the two constraints of Eq. (7.55). Lagrange’s method of undeter- 
mined multipliers (see Chap. 21) will be used for the solution. Differentiating 
Eqs (7.54) and (7.55) 


Edp, = 0 (7.56) 
ХИ dp, =0 (7.57) 
dS =~ K [E In p, dp, + Хдр] = 0 
ог, E ln p; ар, =0 (7.58) 


where P s are held constant and 45 = 0 for $ to be maximum. Multiplying 
Eq. (7.56) by A and Eq. (7.57) by f$ and adding to Eq. (7.58). 


лр, + A+ BV;] dp, = 0 (7.59) 
where А and д are the Lagrange's multipliers. Since dp,'s are non-zero, 
Inp,+ A+ BV, = 0 


or p =e еб (7.60) 
The Ед. (7.60) represents a set of с equations: 
ранее" 
ру=е* е 
..... (7.61) 
Рр. = = ^^ E Ye 


The above equations are the desired unbiased set of p, s. 
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Again, 
È 
Уд = Yee 8*5 = | 
ігі 
AQ — 1! 
or А = ш Уе?“ (7.62) 
From Eq. (7.60), 
~ В", 
р: = = (7.63) 
ғ k 


Thus, A has been estimated. Using Eq. (7.55) 


УРАЙ Lye V (7.64) 
р = АЕ = . 
uri y е Ay, 

Since F is known, В сап be determined. The entropy can be expressed 
in terms of A and Й as: 


=- КУ р [~ А – BV] 
= KAZp, + К BE p, V, 
S=KaA+ KD «V» (7.65) 
The above procedure is referred to as the Jaynes" formalism. 


7.18.2 Information Theory Applied to a System of Particles 


Let us consider a system having a large number of panicles. According to the 
quantum theory (see Chap. 19), the energy that the system can have is discretely 
distributed. The system cannot have any energy, but only certain values of 
energy levels. Let us denote by p; the probability of the energy level =. A high 
probability signifies that the corresponding energy level is more frequently 
attained by the system, i.e., the system can be found for longer durations of 
time in that energy level. The problem is to determine the most probable state of 
the system subject to the constraints imposed by the nature of the system. 
Usually, the average energy of the system, which is also the expectation energy 
<Е>1в known by physical measurements. 

Therefore, 

«E» = Iph = Е 

and Хр = | 

In statistical thermodynamics, one proceeds ta determine the number of 
microstates corresponding to the most probable tmacrostate of the system 
(see Chap. 19), corresponding 10 the thermodynamic equilibrium state when H 
is maximized to yield S = K In W. The entropy signifies the uncertainty inherent 
in the system. 
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Jaynes’ formalism can be applied here. The outcomes are the vanous possible 
energy levels corresponding to the various macrostates of the system. The 
probabilities р, of the energy levels are to be determined according to the 
principle of minimum prejudice, mbject to the constraints, 


ір-і 
ірі 
= <—> 
Maximizing the uncertainty or the entropy: 
5 7— К Ep, ln p, 
we get the probability distribution, as obtained earlier in Eq. (7.60) 
p, = 6% eh (7.66) 


where е^ = Ee P^ which is the partition function (2) of the system (as explained 
in Chap. 19). The maximum value of the entropy is then (as in Eq. 7.65), 
S= KA + kB «E^ (7.67) 
By considering the ideal distribution of an ideal gas, we can identify Д ns 
МЕТ (Chap. 19), where К is the Boltzmann constant. Thus, the probability 
distribution of energy levels ts temperature dependent (Eq. 7.66). 


7.18.3 Information Theory and Classical Thermodynamics 


Classical thermodynamics usually treats the concepts of heat and work as 
primitrve. The information theory, however, considers heat and work as derived 
quantities. The expectation energy 15 given by: 
«E» = Lp; 
Differentiating, 
d<E> = Ха dp, + Ip, de, (7.68) 

Thus, the observable energy of the system can be changed by changing 
either the probabilities, р. от the permissible states, ғ; or both. 
The entropy = - Кр ln p; 
shows that a change in the system's energy of the p,-type will change the 
entropy as well, the change in the energy of the с.-іуре not affecting the entropy. 

Let us consider changes of the &-rype. Ifa force F; acts on a system at the 
quantum state i and produces a small displacement dx, the internal energy of the 
system changes by de, so that 


_ дё, 
Ё, = Эу 
If the probability that the system is in state jis р, the expectation force is: 
<Ё> = Ep, F, 
- де, 
Therefore, «F> = – Ep; (7.69) 


dx 
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By analogy for а fluid, the pressure 15: 


р--Ер E] i (7.70) 
Work done in a reversible process: 
а = рў 
From Еа. (7.70), 
ЧН, =- Ep; de, (7.71) 


Thus, the reversible work does not produce any change in the entropy of the 
System. 
From Eqs (7.68) and (7.71) 


d<E> = Ee, dp,- & W, 
or tQ-dW=Le dp, - åW, 


or 0+ (ah,- dF) = СЕ dp, (7.72) 

Thus, the heat transferred, dQ, and the lost work, (ӘЖ, - ЧИ”) are responsible 
for changes in p, and therefore, the entropy of the system. It is shown that 
entropy of a system changes due to extemal interaction by heat transfer (4,2) 
and due to internal dissipative effect (0,5). In absence of any dissipative effect, 


dQ = Ee, dp, (7.73) 
Substituting p, = ¢* e "^ in Eq. (7.69), 


«F» = ge^ gbe 98 
dx 
Apain, since -9 qe-)5] = -Ве P^ дє; 
Jx к 
Therefore, 
<> = ез де P^ 
B dr 
Now, e = Ec ^^ 
т Хет? 
T Bre 5 дг 
| d - Bt 1 ЗА 
а Ee Ft |= — 
В à | В дх 
By analogy for a fluid, the pressure is: 
_ 1 9À 


p= Bay (7,74) 
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It is noted that A depends on fj вв well as ғ, and hence on volume F. 
Now, S= КА + КВ «E» 
d$ = Кад + А<Е> dB + KB 9<Е> 


- (35). ав + (55 5) av) + Kee 0B + красе» 


ap 
Now, <Е> = ip, & = Ре ее. E, 
Bach ра) 
Le 5i dp ү 
Therefore, 
05 = А E di df + E 4 ар 
af p 
кэр], dË + АВ а<Е> 
= АВр dV + KBd<E> | [From Eq. 7.74] 
! _ 
Since p= rz; 
as- РАР, dE 
T Т 
or, Tds = dE + pdV (7.73) 


which is a well-known equation of classical thermodynamics. For а reversible 
process, 


a, = pdF 
and from first law, 
ї0О=дЕ+ай 
10, = ЧЕ + pdV (7.76) 
From Eqs (7.75) and (7,76), 
45 = (7.77) 


This is in conformity with the classical formula for entropy. However, the 
entropy is a fundamental concept in information theory and not a derived 
function as in classical thermodynamics. 


7.19 Postulatory Thermodynamics 


The property ‘entropy’ plays the central role in thermodynamics. In the 
classical approach, as followed in this book, entropy is introduced via the 
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сөпсері of the heat engine. И follows the way in which the subject of 
thermodynamics developed histoncally mainly through the contributions of Sadi 
Carnot, James Prescot! Joule, William Thomson (Lord Kelvin), Rudolf Clausius, 
Max Planck end Josiah Willard Gibbs. 

In the posiuatory approach, as developed by Н.В Callen (see Reference), 
entropy is introduced at the beginning. The development of the subject has been 
based on four postulates. Postulate 1 defines the equilibrium state. Postulate il 
introduces Ше property ‘entropy’ which is rendered maximum at the final egni- 
librium state. Postulate Jif refers to the additive nature of entrapy which is a 
mornolonically increasing function of energy. Postulate IV. mentions that the 
entropy af any system vanishes at the absolute zero of ternperatae. With the 
help of these postulates the conditions of equilibnum under different constraints 
have been developed. 


SOLVED EXAMPLES 


Example 7.1 Water flows through a turbine in which friction causes the water 
temperature to rise from 34°C to 37°C. [f there 15 no beat transfer, how much 
does the entropy of the water change in passing through the turbine? (Water is 
incompressible and the process can be taken to be а constant volume.) 


Solution The presence of friction makes the process irreversible and causes an 
entropy increase for the system. The Now process is indicated by Ње dotted line 
joining the equilibrium states 1 and 2 (Fig. Ex. 7.1), Since entropy is a state 
property and іле entropy change depends only on the two end states and is 
independent of ihe path ihe system follows, to find the eotrapy change, the 
irreversible path bas 10 he replaced by а reversible path, as shown in the figure, 
because no integration сап be made on a path other thau a reversible path. 


i— [reversible 
| 


Reversible path 
connecting the па! 
and final equilibrium 

states 


Г, = 37+ 273 =310К 
Г, = 35+ 273 = 308 К 
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We have 


310 
= рх 418710 222 
г 308 


= 0.0243 КУК Ans. 


Example 7.2 (a) One kg of water at 273 K is brought into contact with a heat 
reservoir at 373 К. When the water hos reached 373 К. find the entropy change 
of the water, of the heat reservoir, and of the universe. 

(b) If water is heated from 273 K to 373 K by first bringing it in contact with 
a reservoir nt 323 K and then with a reservoir at 373 K, what will the entropy 
change of the universe be? 

(c) Explain how water might be heated from 273 K to 373 K with almost no 
change in the entropy of the universe. 


Solution (n) Water is being heated through a finite temperature difference 
(Fig. Ex. 7.2). The entropy of water would increase and that of the reservoir 
would decrease so that the nel entropy change of the waler (system) and the 
resevoir together would be posinve definite, Water ін being heated irreversibly, 
and to find the entropy change of water, we have іп assume a reversible path 
between the end states which are at equilibrium. 


/ 


'" Feaservoir 
C 373K г 
P 


E E" 
/ System | 
| 273 К и 


“ , 
а, 


Fig. Ек. 7.2 


mc In -2. 


1 


(AS = [2 = (тат. 


халаты 22 <1 308 ux 
273 
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The reservoir temperature remains constant irrespective of the amount of 
heat wilbdrawn from it. 

Amount of heat absorbed by the system from the reservoir, 
| О-іх4187 x (373 — 273) = 418.7 KJ 


^ Entropy change of the reservoir 
{AS}. = – © __4187 _ —1.122 ЫК 


^. Entropy change of the universe 
(AS univ = (ds), шет + (А5), 
= 1.305-1,122-40,183 КУК Ans.(2) 
(b) Water is being heated in two stages, first from 273 K to 323 К by bringing 


it in contact with a reservoir at 323 K, and then from 323 K to 373 K by bringing 
it in contact of a second reservoir at 373 K 


123 К 175 4 
ат 07 
(А9), 7 ]me— | mc 


271 Е 323 К 
= 4187 (In 323 In 37) = (0.1673 + 0.1441) 4.187 
233 323 
= 1.305 КИК 
AS = 1541875923 - 279). o io gc 
33 — 
(А5, =~ Lx 4187» (373 - 325) - 056 IK 


(АЗ) V = = (Аб) aer + (АЗ) кт + (А5), п 
= 1.305 — 0.647 — 0.56 
= 0.098 КИК. Ans.(b) 


(c) The entropy change of the universe would be less and Jess if the water is 
heated in more and more stages, by bringing the waler in contact successively 
with more and more heat reservoirs, each succeeding reservoir being at a higher 
temperature ihan ihe preceding one. 

Wheo water is heated in infinite steps, by bringing it tn contact with an 
infinite number of reservoirs in succession, so that at any instant ihe tempera- 
wre difference berween the water and the reservoir іп contact is infinitesimally 
small, then the net entropy change of the universe would be zero, and the water 
would be reversibly heated. 


Example 7.3 Опе kg of ice at -5?C is exposed to ihe atmosphere which is at 
20°C. The ісе melts and comes into thermal equilibrium with the atmosphere. 
(a) Determine the entropy increase of the universe. (b) What is the minimum 
amount of work necessary to convert the water back into ice at -5?C? с, of ice 
is 2.093 kJ/kg К. and the latent heat of fusion of ice is 333.3 kJ/kg. 
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Solution Heat absorbed by ice Q from the atmosphere (Fig. Ex. 7.3.1) 
/ 


^ 
.” Atmosphere , 
2 ; 


Fig. Ex. 7.3.1 


= Heat absorbed in solid phase + Latent heat 
+ Heat absorbed in liquid phase 
= 1х 2.093 x [09 - {-5)] + 1 x 333.3 +1 x 4.187 x (20 - 0) 
= 427.5 kJ 
Entropy change of the atmospher. 


427,8 
AS = —2 =~ 0, 1.46 КиК 
(А9) Т 293 
Entropy change of the system (ice) as it gets heated from —5?C to 0°С 
273 
ат 273 
(Абен = H mc, = = 1 x 20931n Seo = 2093 x 0.0186 
= 0.0389 ЕК, 
Entropy change of the system as ice melts at 0°С to become water at 0°C 
_ 333,3 
(А5), stem = ТҮГЕ = 1.22 КУК 


Entropy change of water as it gets heated from 0*C to 20°C 


293 


ат 
(А5) -f aC, Т = 1 x 4,187 [n 211 = 0.296 КУК 


rim ^ 


Total entropy change of ice as it melts into water 
(А5) ы 5454451 + ASi 
= 0.0389 + 1.22 + 0.296 
= 1.5549 КУК 
The entropy-temperature diagram for the system as ісе at -5?C converts to 
water at 20°C is shown tn Fig. Ex. 7.3.2 
г. Entropy increase of the universe 
(АЗ, = (А8), мет + (А5), 
= 1,5549 — 1.46 = 0.0949 КУК Ans. (a) 


Entropy -= i95 


Fig. Ex. 7.3.2 


(b) To convert | kg of water at 20°C 
to ice at -5°С, 427.5 kJ of heat have to 
be removed from tt, and Lhe system has 
to be brought from state 4 to state | 
(Fig. Ex. 7.3.2). A refrigerator cycle, as 
shown in Fig. Ex. 7.3.3, 1s assumed to 
accomplish this. 

The entropy change of the system 
would be the same, i.e. 5,- 5), wilh 
the only difference that 115 sign will be 1 kg Water at 20°C 
negative, because heat is removed la Ice at - 5°С 
from the system (Fig. Ex. 7.3.2). 


(AS) умел = 5ү ш 54 
(négative) 


The entropy change of the workiog fluid tn the refrigerator would be zero, 
since it is operating in a cycle, i.e., 


Fig. Ex. 7.3.3 


(АЗ, 0 
The entropy change of the atmosphere (pasitive) 
TH 
(А5) = E 


г. Entropy change of the universe 
(AS) univ = (А5), ет + (Аб, + (А5 ш, 


E d+ F 
($1 - 554} + T 


By the principle of increase of entropy 


(AS) univ er isolated гүтіеті > 0 
^ (8-8) | 20 
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+ 
e 6-5) 


We NS- 5) – 0 
^ Маш) = 11947 50 - 2 
Here Q-41.5WI 
T-2293K 
$,— $, = 1.5549 КИК 
№! шв) = 293 х 1.5549 — 427.5 
= 28.5 kJ Ans. (b) 


Example 7.4 Two identical bodies af constant heat capacity are at the same 
initial temperature 7). A refrigerator operates between these rwo bodies unul 
one body із cooled to temperature Т. If the bodies remain at constant pressure 
and undergo no change of phase, show that the minimum amount of work 
needed to do this is 


T? 
iuo" С +h -21| 
2 
Solution Both the finite bodies А and В are initially at the same temperature T,. 


Body А is to be cooled to lemperature Г. by operating the refrigerator cycle, as 
shown in Fig. Ex. 7.4. Let 7, be the final temperature of body 2. 


Ti -- T2 


Fig. Ex. 7.4 


Heat removed from body A to cool it from T; to 7, 
Q-C,(T;- Г, 
where C, is the constant pressure heal capacity of the identical bodies A and B. 
Heat discharged to body Я 
=90+ F=C, (73-7) 
Work input, W 
CT; - T) - C, (T; - Ty) 
= С, (Tj + T, - 27) (7.4.1) 
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Now, Ше entropy change of body А 
s - jet = С, ТЕ: 2. p negative) 
The entropy change of body B 
= fo, = C, № 7 {positive} 
Entropy change (cycle) of refrigerant = 0 


г, Entropy change of the universe 
(Аб) и, = AS, + 258 


= C, In 2. n 
P Т Т, 
By the entropy principle 
(А5) univ 20 
(са 1 * C, In LET 
Т 1 
25 
C, lo 20 i (7.4.2) 


In equation бау with С, 7,, and T, being given, Ё will be а minimum 
when 7; is a minimum, From Eq, (7,4,2), the minimum value of 7^, 
would correspond to 


L 
C, In -24 = 0 = |] 
т 
т^ 
‘ Т, = = 
И; 
From equation (7.4.1) 
ЧЕ: 
P min) = Cp p + 1, = if Proved. 
2 


Example 7.5 Three identical fimte bodies of constant heat capacity are at 
temperatures 300, 300 and 100 К. If no work or heat is supplied from outside, 
what ts the highest temperature to which any one of the bodies can be raised by 
the operation of heat engines or refrigerators? 


Solution Let the three identical bodies А, E, and C having the same heat 
capacity C be respectively at 300 K,100 K and 300 K initially, and Jet us operate 
в heat engine and a refrigerator, as shown in Fig. Ex. 7.5. Let T; be the final 
temperature of bodies А and B, and T; be the final temperature of body C. Now 
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(AS), = С 2 | 300 к er ET Т 
ч, с: о 
T; қ S 
AS), =C In -— т — 
(85 100 Че н) 
(ASy = C In „С. о, о, 
| В Бе а — 
(AS), к = 100 K T, 
(А5) = 0 Fig. Ex. 7.5 
where С 1$ the heat capacity of each of the three bodies. 
Since (AS) у 2 0 
(Cin Le Cin 7L t + Сіл i 20 
300 100 300 
T.H 
Cin ——L—— 20 
9,000,000 
"nd 
For minimum value of F, Са —L—L- =0 = In] 
9 x 10 
Т2 Т; = 9,000,000 (7.5.1) 
Now 
Q, = C(300 - 75) 
О, = С(Тү— 100) 
О, = С(7;- 300) 
Agun 
О, = Heat removed from body А 
= Heat discharged to bodies В and С 
-(,%0; 
C(300 - 7T) 2 C(T,— 100) + CCT, - 300) 
T; = 700 — 27, (7.5.2) 


г; will be the highest value when 7; is the minimum. 
From equations (7.5.1) and (7.5.2) 
Т2 (700 — 27) = 9,000,000 
272-700 T? + 9,000,000 = 0 
or 1=150К 
From Eq. (7.5.2) 
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T; = (700-2 x 150K 


= 400 К Ans. 
Example 7.6 А system has а capacity at constant volume 
C, = AT 
here A = 0.042К3. | System 
where тоок" 100 К 
The system is originally at 200 К. 19 
and a therzal reservoir at 100 К is - 
available. What is the maximum Kaw 
amount of work that can be recovered Q-w 
ав the system is cooled down to the | 1T 
temperature of the reservoir? | Reservoir. 
Solution Heat removed Пот the 
system (Fig. Ex. 7.6) Fig. Ex. 7.6 
T Т = 100 К 
О, = [суат= 10.042 Т°аТ 
T T, = 200 К 
3 7100 К 
3 рок 
2042 yy? (100? — 200°)K? = -98 x 109 
100 К 100 К 
аг dT 
(AS), меп = І Cy T = | 0.042 г: 
200 K 200 K 
= 2088 yy? [100 - 200°]K? 
= —630 МК 
О-ЖҒ 98x10 -W 
= =———— ШК 


LAS working fluid in НЕ. — 0 
(AS) univ = (А8), senem + (AS res 


> 
63g 4 9810-7 
100 
Since (AS hni 2 0 
3. 
-630 + 38x10 -E „(р 
100 
y 


980 - —— — 63020 
100 
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W 
—— €350 
100 
В! пах) = 35,000 J = 35 К] 


Ans. 


Example 7.7 А fluid undergoes а reversible adiabatic compression from 
0,5 MPa, 0.2 m? to 0.05 m? according to the law, pv'^ = constant. Determine 


the change in enthalpy, internal energy and entropy, and the heat transfer and 
work transfer during the process. 
Soiurion 


Тал = dH — Vdp 
For the reversible adiabatic process (Fig. Ex. 7.7) 


p/13 = Const 


— р 


— ү 


Fig Ex 7.7 


dH = Vdp 
p = 0.5 MPa, V, = 0.2 m? 
V, = 0.05 ш, p, V^, = p,V7 


= 05 x 6.061 MPa 
= 3.0305 MPa 
pifi = РР" 


1 
y= (ety 
p 


p 
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= 1055 - Pri) 
n-1 
_ 1.3(3030.5 x 0.05 — 500 x 0.2) 
13-1 
= 223.3 Ы 
ff, — Н = (Uy + p, У) - (U, * p, Г} 
= (0, - О) + (p; Fy - p, Vy) 
Uy ~ U = (Hy - Ну) - (рУ - РИ) 


= 223.3 - 51.53 
= 173.77 kJ Ans. 
$,-5,- 0 Ans. 
01-2 = 0 Ans, 
Qia = U- Ut у, 
Wi = О = -171.77 kJ Ans. 


Example 7.8 Ап is flowing steadily in an insulated duct. The pressure and 
lemperature measurements of the air at two stations А and Я are given below. 
Establish the direction of the flow of air in the duct. Assume that for air, specific 


heat с, is constant at 1.005 kW/kg K, 4 = c, T, and Z = SZET, where p, v and 
p 


Т are pressure (in kPa), volume (іп m'/kg) and temperature (in К) respectively. 


Station A Station В 
Pressure 130 kPa 100 kPa 
Temperature 50°С 13°С 
Solution From property relalion 
Тіз = dh — ор 
_ da ір 
dr = 7707 


For two states at 4 and В the entropy change of the system 


$ 


B sa - 5, = 1.005 In 28. - 0.287 In 22 
T 


A Pa 
273 13 it) 
= 1.005 в ——— – 0.287 in —— 
473 + 50 139 
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= – 0.1223 + 0,0753 
= —(0.047 kJ/kg K 
(AS), = — 0.047 kJ kg K 
Since the duct is insulated (А5), = 0 
(AS) univ = —0.047 д К 
This is impossible. So the flow must be from B to 4. 
Example 7.9 А hypothetical device ts supplied with 2 kp/s of air at 4 bar, 
300 К. Two separate streams of air leave the device, as shown in figure below. 
Each stream 1$ at an ambient pressure of 1 bar, and the mass flow rate is the 
same for both streams. One of the exit slreams is said to be at 330 K while the 


other ts at 270 К. The ambient temperature 15 at 300 К. Determine whether such 
à device is possible. 


Solution The entropy generation rate for the control volume (Fig. Ex. 7.9) 15 
5 = Yn. - > ms 
= тузу + Туз 5) 
= ть + тұ;-(т,% ту), 
= Masz- 51} + ту(зу— 5) 


Now, s-s 7 e, In 2 -R n £2 
7 Pi 


= 1.005 In 320 — 0.287 n 1 
300 4 
= 0,494 kJ/kgK 


5-5 = сш -R In £> 
t Pi 


270 1 
= 1.005 In -5— — 0.287 In — 
300 2 
= 0.292 Е/КеК 
Syen = 1 х 0.494 + 1x 0292 
= 0.786 kW/K 


Since 5 gen > 0, the device is possible. Such devices actually exist and are 
called vortex tubes. Although they have low efficiencies, they are suitable for 
certain applications like rapid cooling of soldered paris, electronic component 
cooling, cooling of machining operations and so оп, The vortex tube is 
essentially a passive device with no moving parts. It is relatively maintenance 
free and durable. 
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Ajrin 


(3 
Hot ak Coki ær 
1 кое ' и 1/5 
1 Баг, 330 К | 1 bar, 270 K 


Example 7.10 A room is mamtained at 27°C while the surroundings are 
at 2°C. The temperatures of the inner and outer surfaces of the wall (k = 
0.71 W/mK} are measured to be 21°C and 6°C, respectively, Heat flows steadily 
through the wall 5 m x 7 m in cross-section and 0.32 m in thickness. Determine 
(а) the rate of heat transfer through the wall, (b) the rate of entropy generation 
in the wall, and (c) the rate of total entropy generation with this heat transfer 


process. 
Solution 
AT (21-6)K 
ЕН = 071 — ххх 
Q= ватт aK Gx Dm xm 
= 1164.84 W Ans. (в) 
Taking the wail as the system, the entropy balance in rate form gives: 
15, : 
3 ТАЗ mui + Sen wall 
9- re + Sion wat 
1154.84 1164.84 
ф= 219-07 _ + $ 
294 279 Ежа 
Rate of entropy peneration in the wall 
Saen wag = 4.175 — 3,962 = 0,213 W/K Ans. (b) 


The emropy change of the wall is zero during this process, since the state 
and hence the entropy of the wall does not change anywhere in tbe wall. 

To determine the rate of total entropy generation during this heat transfcr 
process, we extend the system to include the regions on both sides of the wall, 


dS ы 


dt = Š rskr + S плоці 
= z£ + S enou 
1164.84 116424; 
О = 21MM + $ 
300 275 Ben. total 
S peni = 4.236 ~ 3.883 = 0.353 W/K Ans. (с) 
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REVIEW QUESTIONS 


Show that through ane poini there can pass only one reversible adiabatic. 
State god prove Clausius' Theroem. ё 

Show that entropy is а property of а system. 

How is the entropy change of a reversible process estimated? Will it be 
dilTerent for an irreversible process between ihe same end states? 

Why is Ше Carnot cycle on 7-» plot a rectangle? 

Stale ihe principie of Caratheodory. How is the existence of entropy function 
inferred? 

Establish the inequaliry of Clausius. 

Give the criteria of reversibility, wreversiblilicy and impossibility of a thermo- 
dynamic cycle. 

What do you understand by the entropy principle? 

When the system is at equilibrium, why would any conceivable change in 
епиору be zero? 

Why is the entropy increase of an isolated system а measure of the extent of 
Imeversibiliry of the process undergone by the system? 

How did Rudolf Clausius summarize the first and second laws of thermody- 
namics? 

Show that the transfer of heat through a finite temperature difference is 
irreversible, 

Show that the à diabanc mixing of two fluids 18 trreversibic. 

What is the maxmium work obtainable from two finite bodies at temperatures 
7, and Г? 

Determine the maximum work oblamable by using one блие body at 
temperature Г and a thermal energy reservoir gt temperature T, T > Г. 

What ere the causes of entropy increase? 

Why is an entropic process not necessarily an adiabatic process? 

What is the reversible adiabatic work for a steady flow system when К.Е. and 
Р.Е. changes are negligibly small? How is it different from that for a closed 
slalionary system? 


Under what conditions ts the work done equal to (a) | p dv, (b) - f г dp? 
Why are the equations 

Tds = dU + pdF | 

TdS = dH - Ир 


valid for any process beteeon two equilibnum end states? 

Why 15 the second law called a directional law of nature? 

How 16 entropy releted to molecular disorder in a system? 

Show that entropy vanes loganthmicaliy with the disorder number. 

What do you understand by perfect order? 

Give the Nemst-Simon siatement of the third law of thermodynamics. 

Why does entropy memain constant in a reversible adiabatic process? 
What do you understand by the postulatory approach of thermodynamics? 
What do you understand by ‘lost work’? 
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7.30 The amount of eniropy generation quantifies the intrinsic irreversiblity of a 
process. Explain. 

731 Show that Spm is not a thermodynamic property. 

7.32 Give the expression for the entrepy generation rate for a control volume of a 
steady [low zysiem. 

7.33 What ts Lhe entropy gemeralion in е isothermal dissipation of work? 

7.34 Whai is the entropy generation in Ще adiabatic dissipation of work? 

7.35 What do you understand by entropy transfer? Why is entropy uunsfer 
associated with beat transfer and not with work transfer? 

736 What is the relation between probability and uncertainty of an event? How 15 
entropy defined іп communication theory? 

7,37 State the five characteristics on which the unceriainry of ва event depends. 
What is Ще expectation value of umcenainty? 

7.38 Define information and explain its relation with entropy. Whm is Shannon's 
formula? 

7.39 Wiem із bias? State and explain the principle af minimum prejudice. 

7.40 Explain the procedure of Jaynes’ formalism to prove: 

S= КА + АВ <у> 

7.41 Explain bow information theory is applied to а system of particles. What is 
partition function? 

7.42 Explain the relation of information theory and classica! thermodynamics. 

7,43 How do Ще heal wansfer and the lost work alTect changes іп р; and hence the 
етітору of a system? 

7.44 Since information theory considers heat and work as derived. quantities, show 
ihat for а reversible process: 
{a) ЕН, =~ Lp, dr, = p dF 
(b ЗО [d W, - d W) = ЕЕ dp, 
(c) @0 = Гі 

745 Explain how entropy is a fundamental concept in information theory and not а 
derived function as in classical thermodynamics. 

PROBLEMS 

7.1 On the basis of the [est law fll in ihe blank spaces іп the following table of 
imaginary beat engine cycles. On the basis of the second law classify each 
cycle as réversible, irreversible, or impossible. 
‚ pele Temperature Rate of Heat Flow Hate of work Efficiency 
Source Sink Supply Refection ошры 
(а) 327°C лме 320kl/s 230kI/s KW 
(b) 100 100% Кта 4.2 MJ min ЖҰ 65% 
(c} 730K 300 K wks kis 26 kW 60% 
(d 700K 300K 3kw „kW 2 kW . 
7.2 The latent heat of fusion of waler at 0°С is 335 kJ/kg. How much does the 


еєтитөрү of 1 kg of ice change вя it melts into waler in each of the following 
ways: 
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73 


74 


7.5 


7.6 


FN 


7.8 


ќа} Heat is supplied reversibly to a mixture of ісе and water at 0°С. (b) А 
тпїхїшт of ice and water at OC is stirred by a paddle wheel. 
Two kg of water at 80°C are mixed adiabatically with 3 kg of water at 30°C 
in a conslant pressure process of 1 atmosphere. Find the increase in the 
entropy of the tolal mass of water duc to the mixing process (ср of water = 
4.187 ЫЛ Қ). 
dni. 0.0592 К 
In a Carnot cycle, heal is supplied at 350°C and rejected at 27°C. The working 
їшї is water which, while receiving heat, evaporates from liquid at 350°C to 
steam al 350°C. The associated entropy change is 1.44 ЮКЕ К. (a) If the cycle 
operates on a stationary mass of | Ер of water, how much 15 the work done per 
cycle, and how much is the heal supplied? (0) Н the cycle operates m steady 
flaw with a power output af 20kW, what is the sigam flaw rate? 
Ans. (a) 465.12, 897.12 kJ/kg, (6) 0.043 kg/s 
А heat engine receives scversibly 420 kJ/cycle of heat from a source at 327°C, 
and rejects heat reversibly to sink at 27°C. There are по other heat wansfery. 
For each of the three hypothetical amounts of heat rejected, іп (a), (b). and іс) 
below, compute the cyclic integral of ¢ Q/T. From these results show which 
case 15 irreversible, which reversible, and which impossible: (а) 210 kJ/cycle 
rejected, (b) 105 KJ'eycle rejected, (c) 315 kJM/cycle rejected. 
Ans. (а) Reversible, (b) Impossible, (c) [reversible 
In Fig. P.7.6, абс represents а Carnot cycle bounded by 1wo reversible 
adiabalics and two reversible isotherms at temperatures 7| and 7; (7, > Ту). 
The ova! figure is а reversible cycle, where heat is absorbed at vemnperatures 
less than, or equal to, Тү, and rejected at temperatures greater lhan, or equal to, 
Т). Prove that ihe efficiency of the oval cycle is less than that of the Carnot 
cycle, 


Fig. P. 7.6 


Water 15 heated al a constant pressure of 0.7 MPa. The boling poimtis 
164.97°C. The mitai temperature of water is ОС, The latent heal of evaporation 
is 2066,3 kJ/kg. Find the increase of entropy of water, if the final state is swam, 
Ans. 6.6967 Єр K 
One kg nf air initially at 0.7 MPa, 20°C changes to 0.35 MPa, 60°C by the three 
reversible non-fTow processes, as shown in Fig. P. 7.8. Process 1-а-2 consists 
of a constant pressure expansion followed by a canstant volume cooling, 
process [1-5-2 an isothermal expansion followed by a constant pressure 
expansion, end process 1-с-2 an adijabatic expansion followed by a constant 
volume heating. Determine the changes of internal energy, enthalpy, and 


79 
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entropy for each process, and find the work transfer and beat anster for each 
process. Takes c, = 1.005 and c, = 0.718 kJ/kg, К and assume the specific 
Heals to be constant, Also assume for air pp = 0.287 T, where p is ihe pressure 


in kPa, ә the specific volume in тр, and T the temperature in K. 
— Rev. leothennal 


Fig. P. 7.8 


Ten grammes of water at 20°C is converted into ice at —10°С at constant 
atmospheric pressure. Assuming (ће specific heat of liquid water to remain 
constant at 4.2 ЈК and that pf ice іп be half of this value, and taking the 
latent heat of fusion of ace at (^C to be 335 J/g, calculate the total entropy 
chauge of the system. 
Ans. 16.02 М 
Calculate the entropy change of the universe as a result of the following 
processes; 
(а) A copper bleck of 600 g mass and with C of 150 FK at 100°С is placed in 
а lake at 8?C. 

(b) The same block, at &?C, is dropped from a height of 100 m into the lake. 
(c) Two such blocks, at 100 and (^C, are joined together. 

Ans. (236.63 ИК. (b) 2.095 J/K, (c) 3.64 ИК 
A system maintained at constant volume is initially at temperature. Т), and a 
hem reservoir at che lower temperature Т is avatlabie. Show thai the maximum 
work recoverable as the system is cooled to Ty ts 


W=C, [ -Т)-тһ 2. 
fo 
А body af finite mass is originally at temperature 7, which is higher than that 
of a reservoir а! temperature Ту, Suppose an engine operates in a cycle 
between the body and the reservoir ша it lowers the temperature of the body 
from 7) to Го, thus extracting heat О from the body. If the engine does work FF, 
then it will reject heat Q-/ io the reservoir at 7,. Applying the entropy 
principle, prove that the maximum work obtainable from the engine is 
Я тих) = р ~ Т5, = à) 
where 5, — 5, is the entropy decrease of the body. 
Hf the body is maintained at constant volume having constant volume heat 
capaciry C, = 8.4 КУК which is independent of temperature, and if T, = 373 K 
and T, = 303 К, deiermine the maximum work obtainable. 
Ans, 58.96 №] 
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Each of three identical bodies satisfies Ше equation = CT, where C is the 
heat capacity af each of the bodies. Their initial temperatures are 200 К. 250 К, 
and 540 K If C = 8.4 КИК, what is lhe maximum amount of work Шат can be 
extracted in a process in which these bodies are brought to а final common 
temperature? 

Ans. ? 56 kT 
[n the temperature range between 0°С and 1900°С a particular system 
maintained at constant volume has a heat capacity. 


C,=A+2BT 


with 4 = 0.014 ИК and 8 = 42 x 1074 ЈК, 
A heat reservoir at 0°С and a reversible work source are available, What is the 
maximum amount of work that can be transferred to the reversible work source 
as the system is cooled from 100°C te the temperature of the reservoir? 
Ans. 4.508 J 

A reversible engine, as shown in Fig. P. 7.15, during a cycle of operation 
draws 5 МТ from the 400 K reservoir and does 840 kJ of work. Find the amount 
ond direction of heat interaction with other reservoirs. 

Ans. h =+ 4,98 MJ О. = — 0.82 MJ 


"200K Es | 200K | 


Г 
сз | Ch = sm 


„А. 


(Е 


Ти’ = в40кЈ 
Fig. P. 7.15 


For a Пша for which pv/7T is a constant quantity equal to В, show that the 
change in specific елігору between two slales 4 and B ts given by 


T 
с 

sp- sa = |—- dT - Rin P. 
Г 

Ts Ра 


А Пиш for which А is в constant and equal to 0.287 ki/‘kg K, flows steadily 
through ап adtabatic machine, entering and leaving through two adiabatic 
pipes. In one of these pipes the pressure and temperature are 5 bar and 450 К 
and in the other pipe the pressure and temperature ше | bar and 300 K 
respectively. Determine which pressure and temperature refer to the inlet pipe. 
For the given temperature range, c, is given by 


e, =aln T-h 


where 7 is the numerical value of the absolute temperature and a = 0.026 
kJ/kg K, b = 0.86 kI/kg К. 
AMS. 54 — 5, = 0.0509 kJ/kg K, 4 is the inlet pipe 
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Two vessels, 4 and В. each of volume 3 тп? тау he connected by a іше 

of negligible volume. Vessel 4 contains air at 0.7 MPa, 95°C, while vessel 

В contains air at 0.35 MPa, 205°C. Find the change of entropy when 4 

is connected ю В by working from the first principles und assuming the 

mixing to be complete and adiabatic. For ан take the relations as given in 

Examples. 7.8. 

Ans. 0.947 KI/K 
(a) An aluminium block (c, = 400 J/kg К) with a mass of 5 kg is initially at 40°C 
in room aur at 20°С. К is cooled reversibly by transferring heal to а compictely 
reversible cyclic hea engine until the block reaches 20°C. The 20°C room air 
serves as п constant temperature sink for the engine. Compute іт) the change 
in emropy for the block, (i the change in entropy for the room air, (iii) the 
work done by the engine. 

(b) If the aluminium block is allowed to cool by natural convention to room 
air, compute (P Ще change in entropy for the block, (ii) the change in 
entropy for the room air іні) the net change in entropy for ihe universe. 

Ans. (a) - 134.2 WK, + 132 FK, 1506), (b) - 133 JK, + E36.5 JA 4.5 УК 

Two bodies of equal heat capacities C and temperatures 7, and Г; form an 

adiabatically closed system, What will the final :emperatuee be if one lets this 

sysiem come to equilibrium із) freely? (b) reversibly? (c) What is the maximum 
work which can be obtained from this system? 

A resistor of 30 ohms is maintained at a constant temperature of 27°C while a 

current of 10 amperes is allowed to flow for | sec. Determine the entropy 

change of the resistor and the universe. 
Ans. (AD ыы = 0. (AS, = 10 ИК 

If the resistor initially at 27°C is now insulated and the same current is passed 

for the same time, determine the entropy change of the resistor and the 

universe. The specific heat of the resistor 15 0.9 Лг K and ihe mass of the 

resistor is 10 g. 

Ans. {АЛ}, = 6.72 WK 

An adiabatic vessel contains 2 kg of water at 24°C. By paddle-wheel work 

transfer, the temperature of water is increased ta 40°C. If the specitic heat of 

waler 15 assumed constanl at 4.187 kI/kg К, find the entropy change of ibe 
universe, 

Ans. 0.139 ГК 
copper rod is of length 1 м and diameter 0.01 m. Опе end of the rod i5 at 
HPC, and the other at 0°, The rod js perfecily insulated along ИЗ length and 
бе ihennal conductivity of copper is 380 Wimk. Calcalare the rate of heat 
transfer along ihe rod and the rate of entropy production due to irreversibility 
of this heat transfer. 

Ans. 7.985 W, 0.00293 WK 

A body of constant heat capacity C, and a1 а temperance 7, is put in contact 

with à reservoir at a higher temperature 7, The pressure remains constant 

while the body comes to equilibrium with the reservoir. Show that the emropy 
change of the universe ts equal to 


T-T T-7 
С l Г - | [1+2 L) 
1 n o T; 
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Prove that this entropy change is positive. 


2 3 4 
Given: імізд-і- Že y ...- 
| ) 2 3 4 


where x < i. 
An insulated 0.75 kg copper calorimeter can containing 0.2 kg water is in 
equilibrium at a temperarure of 20°C. Ап experimenter now places 0,05 kp of 
ice at G°C in the calorimeter and encloses the latter with a heat insulating 
shield. (a) When ali the ice has melted and equilibr:um has been reached, what 
wil! be ihe temperature of water and ihe can? The specific heat of copper їн 
0.418 kJ/kg K and the latent heat of fusion of ice is 333 kJ/kg. (b) Compute the 
entropy increase of the universe resulting from the process. іс) What will be 
the minimum work necded by a stirrer ta bring back the temperature of water to 
20°С? 

Ans, {а} 4.68°C, (b) 0.00276 КК (=) 20.84 КЛ 
Show that if two bodies of thermal capacities C, and С, at temperatures Гу and 
Г, аге brought to the same temperature T by means of e reversible heat engme, 
then 


C, Ш Т + С. Ш n 

C, +С, 
Two biocks of metal, each having n mass of 10 kg and a specific heat of 0.4 КҮ) 
kg K, are at a temperature of 40°C. А reversible refrigerator receives heat from 


one block and rejects heal to the other. Calculate the work required to cause a 
temperature difference of 100°C between the two blocks. 


In? = 


Ans. 32 kJ 

А block of uon weighing 100 kg and having a temperature of 100°C is 

immersed in 50 Ка of water at a temperature of 20°C. What will be the change 

of catropy of the combined system of iron and water? Specific heats of iron 
and water are 0.45 and 4.18 Юр K respectively. 

Arts. 1.24 КИК 

36 к of water at 30°C are converted іпш steam at 250°C at constant 

atmospheric pressure. The specific heat of water is assumed constant at 4.2 J/ 

ЕК and the latent heal af vaporization at 10097 із 2260 Ме. For water vapour, 
assume pF = MAT where Я = 0.4619 kJ/kg К, and 


c 
> sathT+cl’, where а = 3.634, 


b= 1.19510 Капа с = 0.135 х 10° “ы 


Calculate the entropy change of the system. 
Ans. 273.1 ИК 
А 50 ohm resistor carrying а constant current of і А is kept at а constant 
temperature of 27°C by а sream of cooling water. In a time interval of 1 5, 
(a) what is the change in entropy of the resistor? (b) What is the change in 
enlropy of ihe universe? 
Ans. (a) 0, (b) 0.167 К 
A lump of ice with a mass of 1.5 Кр at an initial temperature of 260 К melts at the 
pressure of 1 bar as a result of heat transfer from the environment. After some 
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time has elapsed the resulting waler anains the temperature of the 
environment, 293 K. Calculate Ше enuopy production associated with this 
process, The Latent heat of fusion of ice is 333.4 kW/kg. the specific heata of ice 
and water are 2.07 and 4.2 Кр К, respectively, and ice melts at 273.15 K, 
Ans. 0.1514 КУК. 
An idea! gas is compressed reversibly and adiabatically from state а to state 
b. it is then heated reversibly at constant volume іп slate с. After expanding 
reversibly and adiabatically to state d such that 7, = Г, the gas is again 
reversibly heated at constant pressure to state e such that T, = Г. Heat is then 
rejected reversibly from the pas ai constant volume ӨШ it rerurns to state a. 
Express 7, in terms of T, and F.. НТ, 2 555 К and Г. = 835 К, estimate Т, Take 
у= LA, 
rr 
Ans. T,= Bee, 313.29 К 
Т? 
Liquid water of mass 10 kg and temperature 20°C is mixed wilh 2 kp of ice at - 
SC till equilibrium is reached at 1 atm pressure. Find the entropy change of 
the system. Given: ср of water = 4,18 kirg K, c, of ice = 2,09 big K and latent 
heat of Anion of ice = 334 kJ/kg. 
Arts. [04.9 VK 
А thermaily insulated 50-пінгі resistor carries a current of А for ] s. The initial 
lamperature of the resistor is 10°C. [ts mass is 5 д and its specific heat 15 
0.85 Vg К. (a) What is the change in entropy of the resistor? (b) What is the 
change in entropy of the universe? 
Ans. (а) 0.173 VK (b) 0.173 ИК 
The value of c, for a certam substance сап Бе represented by c, = a + ВТ. (а) 
Determine the heal absorbed and the increase in enwopy of a mass m of the 
substance when Из temperature is increased at constant pressure from Г, to 
T. (b) Find Ше increase т the molal specific entropy of copper, when 
the temperature 15 increased at constant pressure from 500 to 1200 K 
Given for copper: when T= 500 К, c, = 25.2 x 10° and when Г = 1200 K, 
c, = 30.1 x 10 ИК mol К. 


Ans, (8) (т, - T+ 23-7 | қаш. ЫТ; - п] 
1 


(b) 23.9 КІЛ mol X 
An iron block of unknown mass at 85?C is dropped into an insulated tank that 
contains 0. Lm? of water at 20^ C. At the same time а paddle-wheel driven by a 
200 ЧУ motor is activated io siir the water. Thermal equilibrium is established 
aher 20 min when the final temperature is 24°C, Determine ihe mass of ihe iran 
block and the епігору generated durmg the process. 
Aas. 52.2 kg, 1.285 КИК 
А piston-cylinder device contains 1.2 kg of ппговеп gas at 120 kPa and 27°C. 
The gas is now compressed slowly in a potytropic process during which 
pF? = constant. The process ends when the volume is reduced by one-half. 
Determine ihe entropy change of nitrogen durmg this process. 
Ans. - 0.0615 КУК. 
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Air епісг a compressor at ambient conditions of 96 kPa and 17°С with a low 
velocity and exits a | MPa, 327°C, and 120 m/s. The compressor is cooled by 
the ambient a at 17°C at a rate of 1500 kI/mig. The power input to the 
compressor is 300 kW. Determine (a) the mass flow rate of ait and (b) the rate 
of entropy generation. 
Ans. (а) 0.85] kes, (b) 0.144 КУК 
А gearbox operating at steady slave receives 0.1 kW along ihe input shaft and 
delivers 0.095 kW along the output shaft. The outer surface of the gearbox is 
at 50°С, For the gearbox, determine (а) the rale of heat transfer, (b) the rate at 
which ститору Іш produced. 
Ans. (a) — 0.005 kW, (b 1.54 x 107 EW/K 
At steady state, an eleciric motor develops power along ite output shaft at the 
rete of 2 kW while drawing 20 amperes at 120 volts. The outer surface of the 
motor is at 50°С. For the motor, determine the rate of heat transfer and the rate 
of entropy generation. 
Ans. — 0.4 KW, 1,24 x 1077 КУК 
Show that the minimum theoretical work input required by a refrigeration 
cycle to bring two Ante bodies from the same initial temperarure to the final 
temperatures of T, und T; (T, < Гу) 1s given by 


Fan = me [2(7172) ^ - T; - Ty) 


A rigid tank contains an idea] gas at 40°C that is being stirred by a paddie 
wheel The paddie wheel does 200 kJ of work on the ideal gas. It is observed 
that the temperature of the ideal gas remains constant dering this process as 
а result of heat transfer between the sysiem and the surroundings at 25°С, 
Determine (a) the entropy change of the ideal gas and (b) ibe total entropy 
generation. 

Ans. (8) D, (b) 0.671 КУК 
А cylindrical rod of length £ insulated on its lateral surface ts initially in 
conlact et one end with а wall at temperature T, and s ihe other end with a 
wall at a lower temperuture Ғ,. The temperature within the rod initially varies 
linearly with position x according to: 


L 
The rod is insulated on its ends and eventually comes to а final equilibnum 


siate where the tempergture is Тү. Evaluate 7, and in terms of T, amd T., and 
show that the amount of entropy generated із: 


8 


pen 1-1 1-1; 


where e is the specific heat of the rod. 

Ans. Т,= [Г + T4/2 
Air flowing through в horizontal, insulated duct was studied by students in a 
laboratory. One student group measured the pressure, temperature, and 
velocity at a location in the duct as 0,95 bar, 67°C, 75 m/s. At another location 
ihe respective values were found to be 0,8 bar, 22°C, 310 m/s. The group 
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neglected to note the direction of flow, however. Using the known data, deter- 
mine the direction. 

' Ans. Flow is from right to elt 
Nitrogen gas al 6 баг, Z1°C enters un insulated control volume operating at 
steady state for which Foy = 0. Half of tbe nitrogen exits the device at | bar, 
82°С and the other half exits at 1 har, - 40°C, The effecis of KE and PE are 
negligible, Employing Ше ideal gas model, decide whether the device can 
operate as descobed. 


Ans. Yes, the device can operate as described 


Available Energy, Exergy | 
and Irreversibility 


8.1 Available Energy 


. The sources of energy can be divided into two groups, viz. high grade energy and 
low grade energy. The conversion of high grade energy to shafl work is exempted 
from the limitations of the second law, while conversion of low grade energy is 


subject to thern. 
The examples of two kinds of energy are: 
High grade energy Low grade energy 

(a) Mechanical work (a) Heat or thermal energy 

(b) Electrical energy (b) Heat derived from nuclear fission or 
fusion 

(c) Water power (c) Heat derived from combustion of fossil 
fuels 


(d) Wind power 
(e) Kinetic energy of a jet 
(D Tidal power 


The bulk of the high grade energy in the form of mechanical work or electrical 
energy 1s obtained from sources of low grade energy, such as fuels, through the 
medium of the cyclic heat engine. The complete conversion of low grade energy, 
heat, into high grade energy, shafl-work, is impossible by virtue of the second law 
of thermodynamics. That part of the low grade energy which is available for 
conversion is referred to as available energy, while the part which, according to 
the second law, must be rejected, is known as unavailable energy. 

Josiah Willard Gibbs is accredited with being the originator of the availability 
concept. He indicated that environment plays an important part in evaluating the 
available energy. 
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8.2 Available Energy Referred to a Cycle 


The maximum work output obtainable from a certain heat input in a cyclic heat | 
engine (Fig. 8.1) is called the availabie energy ( .E.), or the available part of the 
energy supplied. The minimum energy that has to be rejected to the sink by the 
secood law is called the unavailable energy (U.E), or the unavailable рап of the 
energy supplied. 


Therefore, Q, = A.E. + UE. 
ог вх А.Е.“ ©. — ULE. 
For the given 7, and 7;, 
$ 
Trey 7 1- T 


1 -.. 

Рог a given Ту, Mey will increase with the decrease of Т;. The lowest 
practicable temperature of heat rejection is the temperature of the surroundings, 
To 


Т, 
and В =| 1-2 
тах | Т | Qi 
Let us consider a finite process х-у, in which heat is supplied reversibly to в 


heat engine (Fig. 8.2). Taking an elementary cycle, if d Q, is the heat received by 
ihe engine reversibly at 7), then 


"T PEE 10 -dQ,- To 4, = АЕ. 
Т T, 


Q,-UE. 
| Т2 | 


Fig. 8.1 Anailabic and unapailabia Fig. 8.2 Availability of energy 
mmy in a cde 


For the heat engine receiving heat for the whole process x—y, and rejecting heat 
at 1; 
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¥ Y T- 
|8%, = j 40, - Его 


X 


Was = AE. 
= О, -1 (sy — 5.) (8.2) 
ог О.Е. = Q,, - Три 
or О.Е. = Түз, — 4) 


The unavailable energy is thus the product of the lowest temperature of heat 
rejection, and the change of entropy of the system during the process of supplying 
heat (Fig. 8.3). The available energy is also known as exergy and the unavailable 
energy as energy, the words first coined by Rant (1956). 


Available 
energy, or 
Бр = 


Fig. 8.3 Unavailable energy Ру the second law 


8.2.1 Decrease tn Available Energy when Heat is 
Transferred through a Finite Temperature Difference 
Whenever heal is transferred through a finite temperature difference, there is а 
decrease in the availability of energy so transferred, 
Let us consider a reversible heat engine operaung between Т) and T, 
(Fig. 8.4). Then 


Q, =T, Аз, Q; = То As, and W= АЕ. = (T, - Ту) As 


———e Ё 
Fig. 8.4 Carno гре 


Let us now assume that beat Q) is transferred through a finite temperature 
difference from the reservoir or source at T, to the eugine absorbing heat at T}. 
lower than T, (Fig. 8.5). The availability of (2, as received by the engine at 77 
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lower than 7 (Fig. 8.5). The availability of Q, as received by the engine at 7) 
can be found by allowing the engine to operate reversibly in a cycle between T} 
and 7, receiving (2, and rejecting Q. 


Fig. 8.5  /ntrease іп unapailable energy due to Asai transfer 


through a finite temperature difference 

Now QO, =f, As=T, AS 
since Г > T^, vr As’ > As 

©; = Ty As 

0"., = Ig As 
Since As” > Әд г. 7, > 0, 
a F =Q- О = Гу As’ - Ty As’ 
and F=0 -0 =F] ås- А5 


W < IF, because (7. > 0, 


Available energy or exergy lost due to irreversible heat transfer through finite 
temperature difference between the source and the working fluid during the heat 
addition process is given by 


W-W'-0.-Q. 
= T, (As’ — As) 
or, decrease in А.Е, = 7, {Ау - As) . 


The decrease in available energy or exergy is thus the product of the lowest 
feasible temperature of heat rejection and the additional entropy change іп the 
system while receiving heat irreversibly, compared to the case of reversible heat 
transfer from the same source. 

The greater is the temperature difference (T, - ҒҮ), the greater ік the beat 
rejection 7 and the greater wiil be the unavailable рагі of the energy supplied or 
anergy (Fig. 8,5). Energy is said to be degraded each time it flows through a finite 
temperature difference. 
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8.2.2 Available Energy from a Finile Energy Source 


Let us consider а hot gas of mass m, at temperature 7 when the environmental 
temperature is 7, (Fig. 8.6). Let the gas be cooled at constant pressure from state 
l at temperature 7 to slate 3 at temperature Гу and the heat given up by the gas, 
Q be utilized in heating up reversibly a working fluid of mass m, , from state 3 to 
state | along Ше same path so that the temperature di[Terence berween the gas and 
the working fluid at any instant is zero and hence, the entropy increase of the 
universe is also zero. The working fluid expands reversibly and adiabatically in 
an engine or turbine from біліс і to state 2 doing work We, and then rejects heat 
О, reversibly and isothermally to return to the ішігі state 3 to complete a heat 


engine cycle. 


5 > 3 4 


Fig. 86 Available energy of a finite energy rowrce 


Here, 
Qi - т, Cpt- Ty) - Mai palT- To) 
= Area 45-4] 


т, Ср, = т, ЫЕ 


ат i . 
AST | тұр, a, іп T (negative) 
T 


I 
А5 J Maii pur = = Marcp_, ln т (positive) 


AS riw = AS yas + АЎ 0 
Qa = Ty AS = Ty mare, іп 2- = Атев 2-4-5-3 
0 


Available energy = И, 
=2,-@ 
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= Т 
= ms Cy, (P-TgQ- Tom, e, In т 


= Area 1-2-3-1 
Therefore, the available energy or exergy of a gas of mass m, at temperature Г 
15 given by 


4E ^ mye, (7-0-1 т (8.4) 


0 
This is similar to Eq. (7.22) denved fram the entropy principle. 


83 Quality of Energy 


Let us assume that a hot gas is flowing through a pipeline (Fig. 8.7). Due to heat 
loss ta the surroundings, the temperature of the gas decreases continuously from 
inlet at stale a to the exit at slate & Although the process is irreversible, let us 
assume a reversible isobaric path between the inlet and exit states of the gas 
(Fig. 8.£). For an infinitesimal reversible process at constant pressure, 


Fig. 8.8 Energy quality a! state 7 is superior to thai ai siale 2 


220 = Basic and Applied Thermodynamics 


от — = (8.5) 


where m is the mass of gas flowing and c, is its specific heat. The slope 17/85 
depends on the gas temperature T. As T increases, the slope increases, and if T 
decreases the slope decreases, 

Lei us assume that Q units of heat are Inst to the surroundings as the 
temperature of the gas decreases from T", to Г”, T; being the average of the two. 
Then, 


Неш loss Q = me, (T, - Ti) 
= T, 4S, (8.6) 
Exergy lost with this heat loss at temperature F, is 
P =O -T AS, (8.7) 


When the gas temperature has reached 7,(7,< Г), let us assume that the same 
heat loss О occurs as the gas temperature decreases from T^, to T^, Г, being the 
average temperature of the gas. Then 


Heat loss О = mc, (Г,-Т%- Т, AS; (8.8) 
Exergy lost with this heat loss а temperature T; is 
F= 0- Г AS, (8,9) 
From Eqs (8.6) and (8.8), since 7, > Г, 
AS, < AS, 
Therefore, from Egs (8.7) and (8.9), 
н>», (8.10) 


The loss of exergy is more, when heat Joss occurs at a higher temperature 7, 
Шап when the same heat loss occurs at а lower temperature 7,. Therefore, a heat 
loss of ! kJ at, say, 1000°С is more harmful than the same heat loss of 1 kJ at, 
say, 100°C. Adequate insulation must be provided for high temperature fluids 
(7 >> fy) to prevent the precious heat lass. This many not be so Important for low 
temperature fluids (7 ~ То), since the loss of available energy from such fluids 
would be low. (Similarly, insulation must be provided adequately for very low 
temperature fluids (T << Fp) to prevent beat gain from surroundings and preserve 
available energy.) 

The available energy or exergy of a fluid at a higher temperature T, is more 
than that at a lower temperature T, and decreases as the temperature decreases. 
When the Пин reaches the ambient temperature, ils exergy is zero. 

The second law, therefore, afTixes a quality to energy of a system at any state, 
The quality of energy of a gas at, say, 1000°С is superior to that at, say, 100°C, 
since the gas at 1000°С has ihe capacity of doing more work than the gas at 
100°C, under the same environmental conditions. An awareness of this energy 
quality as of energy quantity is essential for the efficient use of our епегру 
resources and for energy conservation. The concept of available energy or exergy 
provides a useful measure of this energy quality. 
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8.3.1 Law of Degradation of Energy 


The available energy of a system decreases as its emperane or pressute 
decreases and approaches that of the surroundings. When heat is transferred from 
a system, iis temperature decreases and hence the quality of its energy 
deteriorates. The degradation 15 mote for energy loss at a bigher temperature than 
that at a lower temperurure, Quantity-wise the energy loss may be the same, but 
quality-wise the losses are different. While the first law states that energy is 
always conserved quantity-wise, the second law emphasizes that energy always 
degrades quality-wise. When a pus is throttled adiabatically from а high 10 a low 
pressure, the enthalpy (or energy per unit mass) remains the same, but Шеге is а 
degradation of energy or available work. The same holds good for pressure drop 
due to friction of a fluid flowing through an insulated pipe. If the first Jaw is the 
law of conservation of energy. the second law is called the law of degradation of 
energy, Energy is always conserved, but its quality is always degraded. 

Anicle 8.2. | which shows how energy gets degraded by thermal irreversibility 
and produces less usetul work can be explained in a little different way. Let two 
budies ] and 2 of constant heal capacities C, and С, be at temperatures Ту and 7, 
(T, > T4). These are connected by a rod and а small quantity of heat Q flows from 
] to 2, The total change of entropy is: 


AS = AS, + AS, 44-2 |» (since T, » T4) 
5 1 
The entropy will continue to increase till thermal equilibrium is renched. 
Let us now suppose that instead of allowing heat О to flow from i to 2, we 
used it to operate a Carnot engine and obtain mechanical work, with Ta us the sink 
temperature, The maximum work obtainable is: 


of 
1 


It, however, we first allow Q to Mow fram 1 to 2 and then use it to operate the 
Camot engine, we obtain: 


I, 
W,zQ|l-—-[«W, 
? 2 1, 1 

Thus, in the course of the irreversible heat conduction the energy has become 
degraded to the extent that the useful work has been decreased by 

The increase in entropy in an irreversible change is thus a measure of the extent 
to which energy becomes degraded іп that change. Conversely. in order io extract 
the maximum work from a system, changes must be performed in a reversible 
manner so that total entropy (AS... + AS... His conserved. 


it is worth pointing that if the two bodies were allowed to reach therrnal 
equilibrium (a) by heat conduction and (b) by operating a Carnot engine between 
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them and extracting work, the final equilibrium іегоретагшеѕ wouid be different 
in the two cases. In the first, U, + 27 15 conserved and the final temperature is: 
С tC, 
In the second case, 5, + 5, 15 conserved and W =- AU (CAU, + US) (ай = 
d Q- dU, < Та5 – dU so that d W =- dU). In the isentropic process, the final 
temperature is given by: 


if Сі-С,-С,1:7- and ТЇ” = (T T)? 


Ttf 
2222 

The difference in Final temperature is due to the lower value of the total internal 
energy which results from work having been done at the expense of internal 
energy (see Art. 7.9.3), 

Similarly, it can be shown thai due to mechanical irreversibility also, energy 
gets degraded so thar the degradation of energy quality is а universal principle. 


8.4 Maximum Work in a Reversible Process 


Let us consider a closed stationary system undergoing a reversible process К from 
state Í to stale 2 by inleracting with the surroundings at po. Го (Fig. 8.2). Then by 
the first law, 


Op = Ua- Е + Wp (8.11) 


— 3 
Fig. 6.9 Maximum work done by a closed zystem 


if the process were irreversible, as represented by the dotied line /, connecting 
the same equilibrium end states, 


Q =0,-U,+ Wi (B.12) 
Therefore, from Eqs (8.11) and (8.12), 
Qr- Qj = Wa- Wi {8.13} 
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Now, 
А5, = 5 - 5! 
@ 
ала Аб = 7 
т ^ 
By the second law, 
AS univ 2 © 


For а reversjble process, 


AS wiv = 92 — 31 - & = 0 
Ip 
Ор = Ty (S; - $) 
For an irreversible process, 
AS uniy > 0 
55-8 – а > 0 
To 
: Qi < To (5; - 54) 
From Eqs (8.14) and (8.15), 
Ок > Qi 
Therefore, from Eqs (8.13) and (8.16), 
Fr” F 


—= 223 


(8.14) 


(8.13) 


(8.16) 


(8.17) 


Therefore, the work done Бу a closed system by interacting only with the 
surroundings at py, Го in a reversible process is always more than that done by it 


in an irreversible process between the same end states, 


8.4.1 Work done in ail Reversible Processes is the Same 


Let us assume two reversible processes А, and R, between the same end states 1 
and 2 undergone by а closed system by exchanging energy only with Ше 


surroundings (Fig. 8.10). Let one of the processes be reversed. 


Polo 


Suroundings 


Fig. 8.10 Equa work dons in ай reversible processes between the same end Нант 
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Then the system would execute a cycle 1-2-1 and produce network 
represented by the acea enclosed by exchanging energy with only one reservoir, 
іе, the surroundings. This violates the Kelvin-Planck statement. Therefore, the 
me reversible processes must coincide and produce equal amounts of work, 


8.5 Reversible Work by an Open System 
Exchanging Heat only with the Surroundings 


Let us consider an open system exchanging energy only with the surronndings at 
constant temperature 7, and at conslant pressure ро (Fig. 8.11). А mass dm, 
enters the system at state 1, a mass dm. leaves the system ai state 2, an amouni of 
heat 4 is absorbed by the system, an amount of work а IF is delivered by the 
system, and the energy of ihe system (contri volume) changes by an amouni 
d(&),. Applying the first law, we have 


ә | 


И ы, бИ + TW, 20 
n 


mga | а 
Th — ol Lau ДЕ? 


м2 : 
dm {h + -7 + бг). 


f м,2 р 
2 ‚бт * 77 + 923) 
ЕЕ 1; CN | (2! 
2-2-2; .2 22 2.222.222... — 7%. С.5. т 
Fig. 8.11 — Reversible work dona by an open sprem while exchanging Ага? only 


иА ike surrvtenatmgt 


ү? ү? 
40 + дт, ^ 22) - dnt, Ç 79 -iF 


2 


mY 
= ЧЕ. = g + + mez! (8.18) 


7 

For the maximum work, the process must be entirely reversible. There is a 
iemperatuce difference between the control volnme and the surroundings. To 
make the heat transfer process reversible, let us assume a reversible heat engine Е 
operating between the two. Again, the temperature of the fluid in the contro! 
volume may be different at different points. Tt is assumed that heat transfer occurs 
at points of the contro] surface c where the temperature is 7. Thus in an 
infinitesimal reversible process an amount of heat dQ, is absorbed by the engine 
E froin the surroundings at temperature 74, an amount of heat dQ 35 rejected by 
the engine reversibly to the system where the temperature is 7, and an amount of 
work d IF. is done by the engine. For a reversible engine, 
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4% _ 40 
Ту T 


5ю,-40,-40-40-2 -40 


or ан. = ao- ) (8.19) 


The work 4 W, is always positive and is independent of the direction of heat 
flow. When 74 T, heat will flow from the surroundings 10 the system, Ф 0 is 
positive and hence d W, in Eq. (8.19) would be positive. Again, when T; < T, heat 
will flow from the system surroundings, 6 О is negative, and hence d W, would 
be positive. 

Now, since the process is reversible, the entropy change of the system will be 
equal to the net entropy transfer, and 5... = 0. Therefore, 


58° = ag + dms — dms; 
күнү Europy transfer Болору wancler 
ce = ds — dms, T dms; (8.20) 


Now, the maximum work is equal to the sum of the system work dW and the 
work dW. of the reversible engine E, 


aw = dW, W+ ow, (8.21) 
From Eg. (8.19), 


dW. = dW + 40| 2. - ] (8.22) 
Substituüng Eq. (8.18) for d W in Eg. (8.22), 


Mi ył 


mV? Т, 
| U + + таг «ad 2. -1 
| 2 me T 


= 2 


тү: 


EL + + т + Ar (8,23) 


a 
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On substituting the value of d (УТ from Eq. (8.20), 
2 ү? 
an= am| h 22 - dm, [^ а 


ту? 


alu + + me: + Ta (dS - dms, + dms) 


a 
v? vi 
ағыу - Туз + gn] - dm, [^ ~ 195 22 


мү? 


dv — [95 + + тв: (8,24) 


a 


Equation (8.24) is the general expression for the maximum work of an open 
system which exchanges heat anly with the surroundings at Го, ро. 


8.5.1 Reversible Work in a Steady Flow Process 


For a steady flow process 
2 
and 40-75% mv + mez =0 
a 


Equation (8.24) reduces to 


ү; у: 
ЫС - Тузу eX. ға |Ң - Т Man] (8.25) 


For total mass Mow, the integral form of Eq. (8.25) becomes 


m Vi 


i 
Wax = б - TS, + "т. + "өч |- |н, - TS, + + me | (8.26) 


The expression (77 — Туз) ts called the Keenan function, В. 


mY; 


+ тұ | - E * 2 
= ү № (8.27) 

where wis called the availability function of a steady {low process given by 

2 


m V? 
2 


Haws [в + mess 


т 
и-В- 2 + mez 


On а unit mass basis, 


vi у; 
UU - Тұң ++ А - 1%; +> 2 
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2 2 
(һам m |-[ + вы | (8.28) 
If KE. and Р.Е. changes are neglected, Eqs (8.27) and (8.28) reduce to 
Ва = Ву - 8 
= (H, – Tosi) — (Hy - 7,5) 
= (H, - H3) - Т,(5,- 6;) (8.29) 
апа per unit mass 
ах = 0, - В 
= (A, - Ag) - To (517 52) (8.30) 


8.5.2 Reversible Work in a Closed System 


For a closed system, 
dm, = dm. = 0 
Equahon (8.24) then becomes 


2 
«Ba =-4|и- 5 mv кте) 
a 
- - d(E - Т5), 
2 
where E-U- my + трт 


For a change of state of the system from the initial state | to the final state 2, 
Way = Ey - Е, - Т, 57 53) 


-(Е)-Т,)-(Е,- Тұз) (8.31) 
If the K.E. and P.E. changes are neglected, Eq. (8.31) reduces to 
Я пах = 017 Д) — (CU; - Тулу) (8.32) 


For unit mass of fluid, 
W пах = Шу—ш)}— Ty (51 — 52) 
= (u, Тоц) — (45 - Ту) (8.33) 


8.6 Useful Work 


All of the work W of ihe system with a flexible boundary would not be available 
for delivery, since a сегізіп portion of it would be spent in pushing out the 
atmosphere (Fig. 8.12). The useful work uw defined as the actual work delivered 
by a system less the work performed on the aümospherc. If V, and V; are the 
initial and final volume of the system and py is Ше aumospheric pressure, then the 
work done on the atmosphere is ро (Fa — Р;). Therefore, the useful work FF, 
becomes 


Я’, = Maa Ро G5 - V) (8.34) 
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Fig. B12 Hork dose by a closed system in pushing out ths atmosphere 


Similarly, the maximum useful work will be 


(Ё) тах 7 Faux Po (s - Р) (8.35) 
Іп differential form 
(ағ), = dus — Po dV (8.36) 


Ina steady Now system, the volume of the system does not change. Hence, the 
maximum useful work would remain the same, t.e., no work is done on the 
atmosphere, ог 


(а) = й (8,57) 


But in the case of an unsteady-flow open system or a closed system, the volume 
af the system changes. Hence, when a system exchanges heat only with the 
atmosphere, the maximum useful work becomes 


COAST AES. 


Substituting dF ы from Eq. (8.24), 
ү? ү? 
(ӘР, а, = фт, [^ - hs алы - dm, [A - 15 22 


mv. 


EL + pV - Туз + + e: (8.38) 
а 
Thes 15 the maximum useful work for an unsteady open system. 


For the closed system, Eq. (8.38) reduces to 


n V? 
(ай) ax --{и+ Po¥ — Туз + + "| 
g 
=d [E + py F- 7,5], (8.39) 
(Feux = - E; + po (Vi — V3) - Ty (5; ~ 5) (8.40) 
НКЕ and Р.Е. changes are neglected, Eq. (8.40) becomes 
(Halma = Ui Ua + po (F1 Р) - Ty (5; - 8) (8.41) 


This can also be written іл the following form 
(Esas = ЧЛ + po V; ~ 15) - (Uy + PoPa- ToS) (842) 
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7) -# 
where ¢is called the availability function for a closed system given by 
$ — U * py — 15 
The useful work per unit mass becomes 
(Filma = (иу + poti — Бит) — (и, + pop; - Низ) (8.43) 
8.6.1. Maximum Useful Work Obtainable when the System 


Exchanges Heat with a Thermal Reservoir in Addition 
to the Atmosphere 


lf the open system discussed in Sec. 8.5 exchanges heat with a thermal energy 
reservoir at temperature 7, in addition to the atmosphere, the maximum usefui 


work will be increased by а» [| - 2.) ‚ where d Qp 15 the heat received by the 
R 


system. For a steady flow process, ‘ 


n y? 


Wodan = Wan =| ЕЕ taga) 


2 
(в, -hS + тҮ; кте |+ Qs 1-2. 
2 Т, 


" 
= yt ed! - 2 | (8.44) 


R 
For a closed system 


T, 
(Wax = Wo Ро o К+ Or | ~ 2) 
R 


1 
от (Зах = Ву - Ert ро Fi- V3) - TofS - 53) + Op | - 5.) (8.45) 
R 
If K.E. and Р.Е. changes are neglected, then for a steady flow process: 
Г 
War = (E — Нд TaS SD + Qu (1- № (8.46) 
R 


and for a closed system: 


(Ж max 7 Ut 05 + Poly — Р) - Told — 53) + Qn | - z) (8.47) 
R 


8.7 Dead State 


If the state of a system departs from that of the surroundings, an opportunity 
exisis for producing work (Fig. 8.13). However, as the system changes its state 


т------ -2 ——— — 
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lowards that of the surroundings, this appormmity duminishes, and it ceases to 
exist when the two are in equilibrium with each other. When the system is in 
equilibrium with the surroundings, it must be in pressure and temperature 
equilibrium with the surroundings, i.e., at рр and Tp. Tt must also be tn chemucal 
equilibrium with the surroundings, te., there shauld not be any chemical reaction 
or mass transfer. The system must have zero velocity and minimum potential 
energy. This state of the system is known as the dead state, which is designated 
by alTixing subscript ‘0’ to the properties. Any change in the state of the system 
from the dead state 15 a measure of the available work that can be extracted from 
it. Farther the initial point of the system from the dead state tn terms of p, г either 
above or below it, higher will be the available energy or exergy of the system 
(Fig. 8.13). All spontaneous processes terminate at the dead slate. 


Fig. 8.13 Anaiindle work of a system decreases as ін sinte apbroaches Ру, Т, 


8.8 Availability 


Whenever useful work is obtained during a process in which a finite system 
undergoes a change of state, the process must terminate when the pressure and 
lemperature of the system have become equal to the pressure and temperature of 
the surroundings, ро and To, i.¢., when the system has reached the dead state. An 
air engine operating with compressed air taken from a cylinder wiil continue Lo 
deliver work till the pressure of air in the cylinder becomes equal (о that of the 
surroundings, ро. А certain quantity of exhaust gases from an internal combustion 
engine used as the high temperature source of a heat engine will deliver work 
until the temperature of the gas becomes equa] to that of the surroundings, Гр. 

The availability (A) of a given system 1$ defined as rhe maximum шеші work 
(total work minus pdV work) that is obtainable in a process in which the system 
comes io equilibrium with its surroundings. Availability is thus a composite 
property depending on the state of both the system and surroundings. 


8.8.1 АгайаФШіу in a Steady Flow Process 


The reversible (maximum) work associated with a steady flow process for a single 
flow is given by Eq. (8.26) 
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ү? 
2 + mez: | 


m V; 
Ws Н,-1,5%--2-%тад - Ha — Fy 84 + 


With a given state for the mass entering the contro] volume, the maximum 
useful work obtainable (1.6., the availability) would be when this mass leaves the 
control volume in equilibrium with the surroundings (i.e., at the dead state}, Since 
there is no change io volume, no work will be done on the atmosphere, Let us 
designate the initial state of the mass entering the C. V. with parameters having no 
subscript and the final dead state of the mass leaving the C.Y. with parameters 
having subscript 0. The maximum work or availability, А, would be 


2 
«-(н-ъз+”У + mgz | - (Hy Туу + тн = V- v (8.48) 


where ws called the availability function for a steady flow system and V, = 0, 
This 15 the availability of a system ai any state as it enters a C. V. in a steady flow 
process. The availability per unit mass would be 


2 
(h-s +F tgz) -%-ТЪ» +2) w- yo (8.49) 


If subscripts 1 and 2 denote the states of à system entering and leaving а C.Y., 
the decrease in availability or maximum work obtainable for ihe piven system- 
surronndings combination would be 


Нақ = 2) — 23 = y- 


và 
- | -hs ва) - Toso + 200) 
Vi 
-|| 7 Too E — (ho ~ Toss +85) 


= (hy — hz) - Ty (3, 7 52) * ———— ы + gíz, — Z2) (8.50) 


If E.E, and Р.Е. changes are neglected, 
И лал = Ut, 7 Tor) — Ur; — Tora) 
-h-b, 
where В js the specific Keenan function. 
if more than one flow into and out of the C. V. is involved. 


W rax - Ут, Vi - Ут, W. 


8.8.2 Availability in a Nonflow Process 


Let us consider a closed system and denote tts initial state by parameters without 
any subscript and the final dead state with subscript *0'. The availability of the 
system A, i.e, the maximum useful work obtainable as the system reaches the 
dead state, is given by Eq. {8.40}. 
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ту? 


-[v- «m — (Lo + тат) + pol V — Vo) ТЫ - Sq) (8.51) 


If K.E, and Р.Е. changes are neglected and for unit mass, the availability 
becomes 
d = H — ty + ро — 00) — Ty (s — So) 
= (u + po? — Tos) — (ug — Pog Гозо) 
-%-% (8.52) 
where ф is the availability function of the closed system. 
If the system undergoes a change of state from 1 to 2, the decrease in 
availability will be 
а= ($, — by} - 4 ~ ду) 
=o -h 
= {Hy — 0) + po (0) — 03) — ТМ — 52) (8.53) 
This 15 the maximum useful work obtainable noder the given surroundings. 


8.9 Availability in Chemical Reactions 


In many chemica! reactions the reactants are often in pressure and temperature 
equilibrium with the surroundings (before the reaction takes place) and во are the 
products after the reaction. An intemal! combustion engine can be cited as an 
example of such a process if we visualize the products being cooled to 
atmospheric iemperature T, before being discharged from the engine. 

(а) Let us first consider a system which is in temperature equilibrium with the 
surroundings before and afler the process. The maximuin work obtainable during 
a change of state is given by Eq. (8.31), 


Mi У; 
-(% e eng |-(и + OYE nga] - TAS; - 52 


IF K.E. and P.E. changes are neglected, 
Bus = Ui С 7 Ta (5,7 55) 
Since the initial and final temperatures of the system are the same as that of the 
surroundings, T, = 7, = T, = T, say, then 


CF phn = (ИН Л - 53x (8.54) 
Let a property called Helmholtz function F be defined by the relauon 
F-U-TS (8.55) 


Then for two equilibrium states 1 and 2 at the same tempernture T, 
(F| - F4 = - Gh - TI5, - 55H (8.56) 
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From Eqs (8.54) and (3.55), 


(Filmi = Fi- Fh (8.57) 
or | Wa < (Е, -Fy)r (8.58) 

The work done by а system in алу process between two equilibrium states at 
the same temperature during which the system exchanges heat only with the 
environment is equal to or less than the decrease in the Helmholtz function of the 
system during the process. The maximum work is done when the process is 
reversible and the equality sign holds. № the process is irreversible, the work is 
less than the maximum. 

(b) Let us now consider a system which is in bath pressure and temperature 
equilibrium with the surroundings before and after the process. When the volume 
of the system mcreases some work is done by the system against Lhe surroundings 
(pd V work), and (Біз is nat available for doing useful work. The availability of the 
system, 08 defined һу Eq. (8.51), neglecting the К.Е. and Р.Е. changes, can be 
expressed in the form 


А-АРШаЗ (U + pol’ 7 15) - (Ug + poo- Тода) 
=ф- 4 
Тһе maximum work obtainable during a change of slate is the decrease im 
availability of the system, as given by Eq.(8.53) for unit mass. 
у (Јах = 4) 45 = $ ~ 6; 
-(U, - U,) + ро - V3) - T5; – 5) 
[f the intial and final equilibrium states of the system are at lhe same pressure 
and temperature of the surroundings, say p, =p. = руе p, and T; = T; = у= T. 
Then, 


(Wax = СА 7 рт +P, 7 Fap, - TU, 5) т (8.59) 
The Gibbs functions G is defined as 
G-H-TS 
-U-*pF- Т5 (8.60) 


Then for two equilibrium states ai the same pressure p and lemperature 7 
From Eqs (8.59) and (8.61) 


СИ ышк = (Gy — С) т , (8.62) 
РТ 


(Wot = (С, n С.) T (8.63) 

The decrease in the Gibbs function of a system sets an upper limit to Ше work 

that сап be performed, exclusive of рар work. in any process between two 

equilibrium states at the same temperature and pressure, provided the system 

exchanges heat only with the environment which is at the same lernperature and 

pressure as the end states of the system. If the process is imeversible, the useful 
work is less than the maximum. 
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8.10 Irreversibility and Gouy-Stodola Theorem 


The actual work done by n system ts always less than the idealized reversible 
work, and the difference between the two is cailed the irreversibility of the 
process. 
f= их F (8.64) 
This is also sometimes referred to as ‘degradation’ ot ‘dissipation’ . 
For a non-flow process between the equilibrium states, when the system 
exchanges heat only with the environment 


f= KU- Uy) - TAS, - 51 KEA - G2) + @] 


= (5 - 51} 2 
= Ту AS), теш + ТҚАЗ), 1 
= ТҚАЗ), жез“ (А) ша] (8.65) 
{20 
Similarly, for ihe steady flow process 
l= Fa F 


3 
ІІБ әл кта) т 23 


2 2 
- [a + = + тєл, |-[н, + “е + mez, |+) 


= ТФА 5), неш + ТАЗ) т 
= TAS нее" бе)" 79A (8.66) 
The same expression for irreversibility applies to both flow and non-flow 
processes. The quantity Tp (AS, те + А5, г) represents an increase in unavailable 


en (or anergy). 
ergy геу) 
The Gouy-5Stedola theorem sintes that the rate of loss of available energy or 


exergy in a process is proporiional № the тше of entropy generation, Sonn If 
Eqs (8.65) and (5.66) are written in the rate form, 
This is known as the Gouy-Stodola equation. A thermodynamically efficient 


process would involve minimum exergy loss with minimum rete of entropy 
generation. 


8.10.1 Applications of Gouy-Stodola Equation 


(a) Heat Transfer through а Fine Temperature Difference If heat 


transfer Q occurs from the hot reservoir at temperature 7, to the cold reservoir at 
temperature 7, (Fig. 8.14а) 


апа 


(а) (b) 
Fig. 8.14 — Dertruction of availabe work or exergy Ру heat transfer 
through à finite temperature difference 
~ $5 m АТ, 
р 1-І; 

и. = 1- — 
woli- 

Wont = Г, Pigen 


If the heat transfer Q from T, to Г, takes place through a reversible engine £, 
the entire work ourput Fis dissipated in the brake, from which an equal amount 
of heat is rejected to the reservoir at T, (Fig. 8.146). Heat transfer through a finite 
temperature difference is equivalent to die destruction of its exergy. 


(b) Flow with Friction Let us consider the steady and adiabatic flow of an 


ideal gas through the segment of a pipe (Fig. 8.15a). 
By the first law, 


Ay = Р 


and Бу the second law, 


(8) (b) 
Fig. 8.15 Irmroerzicility іп a duct due із fluid friction 
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2 й 
ise ЖЕГЕ Rin 22 
1 Pi 
=R laf - 22) = -ra| rj 
P Pi 
= mR АР (8.68) 
Р 
where «(| - 42) = _ Ap since 22. « | 
; Pi Р, Fi 
and higher terms are neglected. 
Lm E B, = 8, 
= m[(h, - Тузу) - (55 — Го) 
= M Tals — 51} 
- T „= тат, АР. (8.69) 
Py 


The decrease in availability or lost work is proportional to the pressure drop 
(Ap) and the mass flow rate (т). It is shown on the right (Fig. 8.156) by the 
Grassmann diagram, the width being proportional to the availability (or exergy) 
of the stream. It is an adaptation of the Sankey diagram used for energy transfer 
in a plant. 


(c) Mixing of Two Fluids Two streams | and 2 of an incompressible fluid or 
an ideal gas mix adiabatically at constant pressure (Fig. 8.16). 


їз, ' Insulation 
2) 
(а) (b) 
Fig. 8.16  lrreversibility due to mixing 
Here, m, + м. = м, = m(say) 
Let y=— 


т + т, 
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By the first law, 
mih, + туйу = (ту + mah; 
or xh, + (| - xyt; = В, 
The preceding equation may be written in the following form, since enthalpy is 
a function of temperature. 
aT; + {1 -r)i = Т, 


Acii (8.70) 
1 
where T= Т, 
І 
By the second law, 
Sa = тубу my, — т;5; 
= туз — xms; — (l — x) M53 
Sen 
zwi (53 — 52) + x(55 — 51) 
= cy In 5 + xc, In 2 
| | 
ЕЕЕ 
тс, LAT 
1-х 
ог қ-Һ(2) 188 
П) Б 
or №, = In ie _ (8.71) 
(5/n) " 


where M. is a dimensionless quantity, called the entropy generation number, 
given by LT ner. 

Substituting Ty T) from Eq. (8.70) in Eq. (8.71), 
x t T(l- x) 


1-х 


М, - In (8.72) 

Ifx = | or r 71, А, becomes zero in each case. The magnitude of N, depends on 
халат, The rate of loss of energy due to mixing would be 
x t t(l - x) 


Hog = / Тотем 57: (8.73) 


8.11 Availability or Exergy Balance 


The availability or exergy is the maximum useful work obtainable from a system 
as И reaches the dead state (ро, ір). Conversely, availability or exergy can be 
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regarded as the minimum work required to bring the closed systern fram the dead 
state to the given slale, The value of exergy cannot be negative. If a closed system 
were af amy site other than the dead state, the system would be able to change its 
state spontaneously toward the dead state, This tendency would stop when the 
dead state is reached, No work is done to effect such а spontancous change. Since 
any change in siate of the closed system to the dead state can be accomplished 
with zero work, the maximum work for exergy) cannot be negative. 

While energy ік always conserved, exergy is not generally conserved, but is 
destroyed by irreversibilities. When the closed system is allowed to undergo a 
sponlancous change from the given state to Ше dead state, its exergy is completely 
destroyed without producing any useful work. The potential to develop work that 
exists originally at the given state is thus completely wasted in such а spontaneous 
process. Therefore, at steady state: 

1. Energy in — Energy ош = 0 
2. Exergy іп - Exergy out = Exerpy destroyed 


8.11.1 Exergy Balance for a Closed System 


For a closed system, availability or exergy transfer occurs through heat and work 
interactions (Fig. 8.17). 


Boundary Wis 
Fig. 6.17 Exergy байные for a closed system 


2 
Ist law: E,-E, = |Q- Pi (8.74) 
1 


1 
2nd law: 5,-5- | "ба 


1 


2 
! a 
Subtracting Eq. (8.75) from Eq. (8.74), 
2 2 40 
Ez- E- 15-5) = [dQ - Wa — Ta [| | - Т, 
| 1 
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Гот 
= ffi 7 7 eg -М,- Тоба 
| 


a 
Since, 
Az ~ A, = Ez- E, + pol – Р)- TS, - 51) 
2 
T, 
4-4, = it - 2 je - [#12 - Pols - Г] - Та (8.76) 
| a 
Change Exergy transfer Exergy transfer Exctey 
in exergy with heat with work destniction 
In the form of the raie equation, 
dA Toi | dF l , 
— = -jọ - [|W-p——i|- i 8.77 
x 1-36 ат “7 
Rate of Rate of exergy Каш of exergy Rale of exergy 
change of transfer with heat transfer as work loss due іп 
ехегру Q; at Ше boundary where ШЕЛІ is irreversibilitics 
where the insiantaneous Ше rate of (= 8 рев) 
Lempetature із T, change of system 
volume 


For an isolated system, the exergy balance, Eq. (8.77), gives 
АА = – 1 (8.78) 

Since /> 0, the only processes allowed by the second law аге those for which 
the exergy of the isolated system decreases. In other words, 

The exergy of an isolated system can never increase, 

It is the counterpart of the entropy principle which states that the entropy of 
an isolated system can never decrease. 

The exergy balance of a system can be used to determine the locations, types 
and magnitudes of losses (wasie? of the polential of energy resources (fuels) and 
find ways and means to reduce these losses for making the system more energy 
efficient and for more effective use of fuel, 


8.11.2 Exergy Balance for a Steady Flow System 


2 
Ist law: H, + ты + mez, + Q 
mV 
= Н, + = + mg. + Fi (8,78) 
ЧЕ?» 
2nd law: 5+ f S| -52= Sp 
1 


2 
ог TS, ~ 5) + Т, ЕЗ = Ty Seon =I (8.79) 
| 
с 
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и. 


-- 


аа. 


v^ "a. 


Fig. 8.16 Exergy Palauer for à steady flow system 


From Eqs (8.78) and (8.75), 


y? —y? 
H, — Hi — TS - 5) + my + mgiZ; — Zi) 


2 
- f - 2 jo -Fjal (8.80) 
| 1 
2 
or ^-^ [(1- 5. jag- W,.-1 (8.81) 
1 g 


In the form of rate equation at steady state: 


Ln). 4 | , | 
zl: - à jo, - Bev, + (ар-ар) Юу, =9 (8.82) 
і 1 


yi – ү? 
where ay — dg, = (hj —h;) - Tals, - 52) + —yt + gi Z, - Z,) and [1 - TyT;] Qj 


= time rale of exergy transfer alang with heat О, оссштпр at the location on the 


boundary where the instantaneous temperature is Г. 
For a single stream entenng and leaving, the exergy balance gives 


! = aje + ar — L4 — аг, = d (8.81) 


alm m "m 


Exergy in Exergy out. Exergy losa 


8,12 Second Law Efficiency 


А common measure on energy use efficiency is the first law efficiency, т. The 
first law efficiency is бе пед as the ratio of the output energy of a device to the 
input energy of the device. The first law is concemed only with the quaotities of 
energy, and disregards the forms in which the energy exists. It does not also 
discriminate between the energies available at di[Terent temperatures. It is the 
second law of thermodynamies which provides a means of assigning a quality 
index to energy. Tbe concept of available energy or exergy provides a useful 
measure of energy quality (Sec. 8.3}. 
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With this concept it is possible to analyze means of minimizing the 
consumption of available energy to perform a given process, thereby ensuring the 
most efficient possible conversion of energy for the required task. 

The second law efficiency, т, of а process is defined as the ratio of the 
minimum available energy (or exergy) which must be consumed to do a task 
divided by the actual amount of available energy (or exergy} consumed tn 
performing the task. 


minimum exergy intake to perform the given task 


ШЕ actual exergy intake to perform the same task 
A 
OF Ла = M (8,84) 


where 4 is the availability or exergy. 
А power plant converts a fraction of available energy A or H nax to useful work 
№. For the desired output of H, A nn = P and А = Pay Неге, 


I= Wu Wand t= —— (8.85) 
ut 
Now 
пе E AL 
О H max О, 
= сато (8.56) 
^ п=— (8.87) 
cama 
Since В nax = e( — 2. Eq. (8.87) can also be obtained directly as follows 
My = = 
o(i- 3] т 
T 
If work is involved, Amin = W(desired) and if heat is involved, Amin = 
7) 
l-— |. 
21-4 


If solar energy Q, is available at a reservoir storage temperature Т, and if 
quantity of heat О, is transferred by the solar collector at temperature 7,, 
then 


_ exergy output 


and - 
exergy шри 
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(8.88) 


Table 8.1 shows availabilities, and both 4, and Пу expressions for several 


common thermal tasks. 


Table&1 7,57,» 1,27, 


Task Energy input 
t shaft work, Е, 


from reservoir at T, 


Тири 0. 


Produce work, Fp А= Ё. 


An = № 
{electric motor} 


^ Add heat Q, to 
reservoir ві T, A=, 


{heat pump) 


(solar water heater) 


Availabls Energy, Exergy and Irreverzibüllty — 243 


Exiract heat (2), from cold 


1, 
rescrvior at 7, (below А = №, 4 = 2 - 2) 
г 
1 
ambient) Aran -o| 2- ) Ака, -о[® - | 
T, Т, 
*n = eg т = De 
", 9, 
bi 
T; T. 
* = 20. — ] к = 
m ДЕ ) TT Е 
1, 
(Refrigerator-electnc (Refrigerator-heat 
motor driven) operated) 


"Strictly speaking, it is COP. 


In the case of a heat pump, the task is to add heat (2, to a reservoir to be 
maintained at temperature T, and the input shaft work is ҒҒ, 


Q 
COP = а == n. 58 


(Сор) = —2— = © = A 
1-1) Ж Аш 


Т; 
h =M C -- | (8.89) 
Т, 
Similarly, expressions of tfj and i, can be obtained for other thermal tasks. 


8.12.1 Matching End Use to Source 


Combustion of a fuel releases the necessary energy for the tasks, such as space 
heating, process steam generation and heating in industrial furnaces. When Ihe 
products of combustion are at a temperature much greater than that required by a 
given task, the end use is not well matched to the source and results in ine[Ticient 
utilization of the fuel burned, To illustrate this, let us consider a closed system 
recciving a heat transfer Ü, at a source temperature 7, апа delivering 0, at a use 
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temperature Т, (Fig. 8.19). Energy is lost to the surroundings by leat transfer at a 


rate (2, across а portion of the surface at Г. At steady state the enerzy and 
availability rate balances become. 


E 
Surroundings £ System Boundary 


Fig. B19 Елене energy whiligaifen from second law viewpoint 


0,-0,%0 (8.90) 


. _Ъ P _Ъ . 0% . 
at 3 д! ы 2 (8.21) 


Equation (8.90) indicates thal the energy carried in by heat transfer Q, is either 
used, Q, or lost to the surroundings, О. Then 


љ= 2 (8.92) 


The value of r, can be increased by increasing insulation to reduce the loss. 
The limiting value, when Q, = 0, is jj = 1 (10096). 

Equation (8,91) shows that the availability ar exergy carried inta the system 
accompanying the heat transfer О, is either transferred from the system 
accompanying the heat transfers O, and О, or destroyed by irreversibilities 
within the system, 7. Therefore, 


: Т, Т, 
_— | 0. 
0, ( T, | T, 
Ne = T th F (8.93) 
д! Т 2) l-7 
1, Қ 


Both m and Лу indicate how effectively the input is converted into the product. 
The parameter ту does this on energy basis, whereas тг does it on an availability 
or exergy basis. 

For proper ublization of exergy, tt is desirable to make п; as close to unity as 
practical and also а good match between the source and use temperatures, 7, and 
T,- Figure 8.20 demonstrates the second law eíTiciency against the use tempera- 
ture 7, for an assumed source temperature T, = 2200 К. It shows that rjj tends to 
unity (100%) as T, approaches Г.. The iower the 7,, the lower becomes the value ° 
of Ry. Efficiencies for three applications, viz., space heating at T, = 320 K, proc- 
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ess steam generation at T, — 480K, and heating in industrial furnaces at 7, — 700 
K, are indicated on the figure. It suggests that fuel is used lar more effectively in 
the high temperature use. Ап excessive temperatures gap between 7, and T, 
causes a low ng and an inefficient energy utilization. А fuel or any energy source 
is consumed efficiently when the first user temperature approaches the fuel tem- 
perature. This means that the fuel should first be used for high temperature ap- 
plications. The heat rejected from these applications can then be cascaded to ap- 
plications at lower temperatures, eventually to the task of, say, keeping a building 
warm. This is called energy cascading and ensures more efficient energy utiliza- 
tion. 


a 


| 
| 
0.434 ас Process Steam Generation | 
Р | 

| 


ü 


1 © | | 
| = Ы 
| a iy = 1 
т 3 As T, T, 
= | 0.682 »4- Heating in Furnace 
| 0.5 | 
| П072ея Space Heating 
С 


300 500 1000 1500 2000 
—— T, (in x) 


Fig. 8.20 — Effect of use temperature T, on the second law efficiency 
(T, = 2200 К, T, = 300 К, n, = 100%) 
8.12.2 Further Illustrations of Second Law Efficiencies 


Second law efficiency of different components can be expressed in different 
forms. It is derived by using the exergy balance rate, as given below: 


(a) Turbines The steady state exergy balance (Fig. 8.21) gives: 


4 - 2 ае за, yt 
т т 


а 


Fig. 8.21 Exergy balance of a turbine 
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lf there is not heat loss, 


W i 
Gs, ар = т + т (8.94) 
The second law efficiency, = NL (8.95) 
an - p 


(b) Compressor and Pump = Similarly, for a compressor or a pump, 


I 
—— =a — д + — 
т в ox 


Dh o (8.96) 


and m7 yim 


(c) Heat Exchanger Writing the exergy balance for the heat exchanger, 
(Fig. 8.22) 


у] - 5. 0 ~ Foy + LA dg tm. ar | - LA ар + Mm, af, | -ісу, =0 
j 
If there is no heat transfer and work transfer, . 
rn, lag ~ an] = Pa; — 24] * 7 (8.97) 


- т, |а, _ a, | 


тұ [es - 4f | 


(8.98) 


т, 


Fig. 8.21 Ereg balance of а hear exchanger 
(d) Mixing of Two Flulds Exergy balance for the mixer (Fig. 8.23) gives: 


lii, . : . 
[ - 20 + ma, tmu, = Boy + туй, + у, 
if the mixing is adiabatic and since Woy = Ü and m, + 5r = my. 


my Ге, - ag] — т; lag -- ap] + I (6.99) 
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Hol siream (1) 


T alat aeg ana uuu. 


Gold stream (2) 
Fig. B23 Exergy іші due іс mixing 


and 


m mia. - a; | 


= 8.100 
" т [ar E ag | ' | 


8,13 Comments on Exergy 


The energy of the universe, like its mass, 15 constant. Yet at times, we аге 
bombarded with speeches and articles on how іп “conserve” energy. As 
engineers, we know that energy ts always conserved, What is not conserved is the 
exergy, і.6., the useful work potential of the energy. Once the exergy is wasted, it 
can never be recovered. When we use energy (electricity) to heat our homes, we 
are not destroying any energy, we are merely converting it io a Jess useful form, a 
form of less exergy value. 

The maximum useful work potential of a system at the specified state is called 
exergy which is а composile property depending on the state of the system and the 
surroundings. A system which is in equilibrium with iw surroundings is said to Бе 
at the dead state having zero exergy. 

The mechanical forms of energy such as KE and РЕ are entirely available 
energy or exergy. The exergy (ІР) of thermal! energy (Q of reservoirs (TER) is 
equivalent to the work output of a Camot heat engine operating between the 


reservoir at temperature Г and environment at Т, 1.¢., F= 2) - 2 


The actual work FF during a process can be determined from the First law. If the 
volume of the system changes during à process, рап of this work {F y is used to 
push the surrounding medium at consiant pressure p, and it cannot be used for апу 
useful purpose. The difference between the actual work and the surrounding work 
is called useful work, FF, 


W= W- Woo = Юру - Vy) 


WF т 13 zero for cyclic devices, for steady flow devices, and for system with fixed 
boundaries (rigid walls). 
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The maximum amount of useful work that can be obtained from а system as it 
undergoes a process between two specified states ts called reversible work, Й/ 
If Ihe final state of the system is the dead state, the reversible work and the exergy 
become identical. 

The difference between the reversible work and useful work for a process is 
called irreversibility. 

I= Fae- №, = Ty бе 
I =f, Ü Sun 

For a total reversible process, НО. = W, and /= 0. 

The first law efficiency alone is not à realistic measure of performance for 
engineering devices, Consider two hear engines, having ¢.z., a tberrnal efficiency 
of, say, 30%, One of the engines (4) is supplied with heat Q from a source at 
600 K and the other engine (B) ts supplied with the same amount of heat Q from 
a source at 1000 К. Both the engines reject heat to the surroundings at 300 К. 


(WA. o(1 - 200. = 0.50, while (Fux = 0.30 
Similarly, 
OF, = Q(1- 200.) = 0.70, and (Wohe = 030 


At first glance, both engines seem to convert the same [Traction of heat, that 
they receive, to work, физ perferming equally well from the viewpoint of the first 
law. However, im the light of second law, the engine 8 has a greater work potential 
(0,70) available to it and thus should do a lot better than engine 4, Therefore, it 
can be said that engine В is performing poorly relative to engine 4, even though 
both have the same thermal efficiency. 

To overcome the deheiency of the first law efficiency, a second law efficiency 
л can be defined as the ratio of actual thermal elficiency to the maximum 
possible thermal efficiency under the same conditions: 


7 
T ev 


Thi = 


So, for engine A, ІН! ш 0.3/0.5 = 0.60 
and for engine 8, лу = 0.3/0.7? = 0.43 

Therefore, the engine 4 is converting 60% of the available work poteotial 
(exergy) to useful work. This is only 43% for the engine B. Therefore, 


Thi = Ла = Pa (for heat engines and other work producing devices) 


Пе rev 
Thy = COP = Ме (for refrigerators, heat pumps and other work 
CORY W, 


absorbing devices) 
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The exergies of a closed system (ф) anda flowing fluid stream (yr) are given on 
unit mass basis: 


$ = {u — ug) – Туз — 19) + pol? — Vo) КЕ 
y = (h — hg) — Tals — 30) + а + gz klI/kg 
Reversible Work Expressions 
(a) Cyclic Devices 
Ға, = Trey Gy (Heat engines) 


– № = a — 
(CO Fev ІГ; 


- Е = EN NN 
(СОР, rev hup 


(Refrigerators) 
(Heat pumps) 


(b: Closed System 
Wy = Ui — Up — TS) — 52) + pi Vi — Р) 
= mid, - $3) 


(с) Steady Flow System (single stream) 


p? р? 
ZELLE ++ -ns )-(7 + En 9) 


= mY, — wo) | 
When the -¥stem exchanges heat with another reservoir at temperature 7, other 
than the atmosphere, 


М, = mW ТАР БЗ 
k 


The first law efficiency is defined as the ratio of energy output and energy 
input, while their difference is ihe energy loss. Likewise, the second law 
efficiency is defined as the ratio of exergy output and exergy input and their 
difference is itreversibility, By reducing energy loss, Drst law efficiency can Ве 
improved. Similarly, by reducing irreversibilities, the second law efficiency can 
be enhanced. 


SOLVED EXAMPLES 


Example 8.1 Іл acertain process, a vapour, while condensing at 420°C, wans- 
fers heat to water cvaporating at 250°C. The resulting steam is used in a power 
cycle which rejects heat at 35°C. What is the fraction of the available energy in 
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the heat transferred from the process vapour at 420°C that is lost due to the 
irreversible heat vransfer at 250°C? 


Solution ABCD (Fig. Ex. 8.1) would have been the power cycle, if there was no 
temperature difference between the vapour condensing and the water evaporating 
and the area under CD would have been the unavailable energy. EF GD is the 
power cycle when the vapour condenses at 420°C and the water evaporates at 
250°C. The unavailable energy becomes the area under DG. Thereforc, the 
increase ip unavaiiable energy due to irreversible heat transfer is represented by 
the area under CG, 


о; 
А-Т” В-.—----Т, = 420 + 273 = 693 K 
"Y | Qui N F 
Е р?" = 250+ 273 = 523 К 
| T y 
i о PEE 
| 0i ЖЕЛЕГІ = 
| AS ыу; 
| 220 175 Inereasa in unavailable 
e | enargy 
— 5 
Fig, Ex 8.1 
Now 2 E TAS = Т, AS 
AS i 
AS Т 
И" = work done in cycle ABCD 
= (T, ГАХ 
F = Work done іп cycle EFGD 


The fraction of energy that becomes unavailable duc to irreversible heat 
transfer 


-KU — И) _ 308 (693 - 523) 
RUA- m) 523693 - 308) 
0.26 Arts. 
Example 2.2 Ina steam boiler, hot gases from а fire transfer heat to water 


which vaporizes at constant temperature. іп a certain case, the gases are cooled 
from ! 100°C to 550°C while the water evaporates at 220°C. The specific heat of 
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gases is 1. O05kKJ/kgK, and the latent heat of water at 220°C, is 1858.5 kJ/kg. All 
the heat transferred from the gases goes to the water. How much does the total 
entropy of the combined system of gas and water increase as a result of the 
reversible heat transfer? Obtain the result on the basis of 1 kg of water 
evaporated, 

If the temperature of the surroundings is 30°C, find the increase in unavailable 
energy due to ureversible heat transfer. 


Solution Gas (т) is cooled from state 1 to state 2 (Fig. Ех. 8,2), For reversible 
heat transfer, the working fluid (w.f.) in the heat engine having the samec, would 
have been healed along 2-1, so that at any inslant, the temperature difference 
between pas and the working Ouid is zero. Then 1-5 would have been ihe 
expansion af ihe working fluid down to the lowest possible temperature Гр, and 
the amount of heat rejection would have been piven by the area айса. 


1106°C 


Бей: Increase in 
2 urdrvail&nie 
energy 
T 220"C 


$. 12 304 273 
= 303K 


41, As НО P. 


— Б 


Fig. Ex. 8.2 


When water evaporates 31 220°C as ihe gas gets cooled from 1 100°C io 550°C, 
the resulting power cycle has an unavailable energy represented by the arca aefd. 
The increase in unavailable energy due to irreversible heat transfer is thus given 
by area Бе. 

Entropy increase of 1 kg water 

Latent heat absorbed _ — 1858.5 
(Ае = Т — (273 4 220) 
О, = Heat transferred from the gas 

z Heat absorbed by water during evaporation 
ZAL t00 - 550) 

—]1x1858.5 kJ 

_ 1858.5 

№ 550 


= 3.77 kJ/kg-K. 


= 3.38 kJ/^C 


252 = 
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Ta T 
aS, f 39 faye, oF 
T PT 
Ти Ты 
Т, 
= тус, LEER 
Т, 1373 
= 3,38 х 0,5} 
= 1.725 КУК 


Абы = (АЗ) water + (AS), us 
= 3.77 - 1,725 = 2.045 КУК 


Increase іп unavailale energy 


= ТАХ) ы = 303 x 2.045 
= 620 kJ 


AAS. 


Ans. 


Example 8.3 Calculate the available energy in 40 kg of water at 75°C with 


respect to the surroundings at 5°C, the pressure of water being 1 alm. 


Solution If the water is cooled at a constant pressure of 1 atm from 75°C to 5°C 
(Fig. Ex. 8,3) Ше heat given up may be used as a source for a series of Carnot 
engines each using the surroundings as a sink. It is assumed that the amount of 
energy received by any engine 15 small relative to that in the source and the 
wemperature of the source does not change while heat is being exchanged with the 


engine. 


Let us consider that the source has fallen to temperature T, at which level there 
. Operates a Carnot engine which takes m heat at this temperature and rejects heat 


at T, = 278 К. If ds is the entropy change of water, the work ohtainable is 


OW = —m(T — 7,)ós 


— 273 * T5 = 348 К 


where ds is negative. 


ÖT 
5 = –40(7- Т)? 


= - 4üc, ( - ^er 
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With a very great number of engines in the series, the total work (maximum) 
obtainable when the water із cooled from 348 К to 278 К would be 


MO. 
Я пах) = А.Е. =— lim 2406,1 - ^ jar 
348 
Ms | 
= | дос, (1 -t)ar 
278 І 
= 40, E: - 278) - 278 In ін. 
278 
= 40 x 4.2 (70 — 62) 
= 1340 kl Ans. 
О, = 40 x 4.2 (348 - 278) 
= 11,760 kJ 
U.E. = 9, - И арау) 
= 11,760 - 1340 = 10,420 kJ 
Example 8.44 Calculate the decrease in available energy when 25 kg of water 


at 95°C mix with 35 kg of water at 35°C, ihe pressure being taken as constant and 
the temperature of the surroundings being 15°С (c, of water = 4.2 kJ/kg К). 


Solution Тһе available energy of a system of mass m, specific heat c, and at 
temperature T, is given by 
T 
1 
AE. = mo, | ( - 2 ar 
Т 


(А.Е.}.; = Available energy of 25 kg of water at 95°C 
2734 $4 


-25x42 | (1-288 jar 
271 +15 Т 
368 
= 105 | (368 — 288) — 288 In —— 
| )- agen в | 
= 987.49 kJ 
(А.Е) = Available energy of 35 kg of water at 35°C 
308 
= 147 | 308 — 288) — 2881 308 | 
( )~ 288 In 388 
= 97.59 kJ 
Total available energy 
{А.Е ш = (A.E. Jas + (А.Е) 
= 987.49 + 97.59 


= 1085.08 kJ 
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A fier mixing, if fis the Ona! temperature 
25 x 4.2 (95 - ġ = 35 x 42(1 — 35) 
_ 25 095 x35 «55 
| 25435 
= 60°C 
Total mass after mixing = 25 + 35 = 60 kg 
(А.Е.) = Available energy of 60 kg of water at 60°C 


= 4.260 (333 — 288) — 288 In 2. 


288 
= $03.27 kJ 
'. Decrease in available energy due to mixing 
= Total available energy before mixing 
— Total avaiable energy after mixing 
= 1085.08 - 803.27 
= 281.81 К] Ans. 


Example 8.5 The moment of inertia of a flywheel 15 0.54 kg-m° and it rotates 
ata speed 3000 RPM in a large heat insulated system, the temperature of which is 
15°C. If the kinetic energy of the flywheel is dissipated as frictionai heat at the 
shaft bearings which have a water equivalent of 2 kg, lind the rise іп the 
iemperature of the bearings when the flywheel bas come io rest. Calculate ihe 
greatest possible amount of this heat which may be returned to the Пучгінее! as 
high-grade energy, showing how much of the orginal kinetic energy is now 
unavailable. What would be the final RPM of the flywheel, «f it is set їп motion 
with this available energy? 


Solution Initial angular velocity of the flywheel 
28M, 2" х 3000 

6€ — 60 
Initial available energy of the flywheel 


a; = 314.2 rad/s 


ИШТ 


= (КЕ = PR 


2 
= 0.54 kg m? x (314.2)? ТАЧ. 
5 


= 2.66 x 10! Nm = 26.6 kJ 


When this К.Е. is dissipated as frictional heat, if Aris the temperature rise of 
Ihe bearings, we have 
water equivalent of the bearings x rise in temperature = 26.6 kJ 
26.6 


At = ———- =3, 19°C Ans. 
2х 4187 . 
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г. Final temperature of the bearings 


f= 15 £ 3.19 = 18.19°C 
The maximum amount of energy which may be retumed to the flywheel as 
high-grade energy is 
291.19 


AE.-2x4487 | (1- 288 Jar 
288 T 
-2х4. 187] (291 19 — 288) - 288 In Bi | 


= 0.1459 К] 
The amount of energy rendered unavailable is 
О.Е. = (ALE. ыш — (А.Е) тыр аз bigh energy 
= 26.6 - 0.1459 
= 26.4541 kJ 
Since the amount of energy returnabie ta the [Tywheel 15 0.146 КТ, if w, is tbe 
final angular velocity, and the (lywheel is set in motion with this energy 
0.146 x 10° = T х 0.54 aX 


; 146 
5, = 146 sang 
Or 0927 


2, а, = 23,246 rad/s 
Tf М. is the hnal RPM of the (lywheel 


а, = 23.246 = 27 № 
ог м, = 23486 x60 _ 22 рры Ans. 
IXE 


Example 8.6 Two kg of air at 500 kPa, 80°C expands adiabatically in a closed 
sysiem until its volume is doubled and its temperature becomes equa! to that of 
the surroundings which ts at 100 kPa, 5°C. For this process, determine (a) the 
maximum work, (b) the change in availability, and (с) the irreversibility. For air, 
take c, = О. 7180р K, u = c, T where c, is constant, and pF = mAT where p is 
pressure in kPa, F volume in mi, m mass in kg, R a constant equal to 0.287 КЈЉКр 
K, and T ucmperature in К. 
Solution From the property relation 

TAS = dU + pdV 
the entropy change of nir between the initial and final states 15 


1 Hu тс, ЯТ тлар 
СЕЗЕ 
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№ 


1 


or S, — S, = me, in 2 + mR In 


From Eq. (8.32), 
Wax = (© - Ud - То (8, 53) 


=m ы -h)* nfen B+ дм 3) 
1 1 


-2 [ово ~ 5) + 278(0,718 n2 


= 2 [53.85 + 278 (- 0.172 + 0.199] 
= 2 {53.85 + 7.51) 
= 122.72 kJ Ans. (a) 
From Eq. (8.42), the change in availability 
76 7-6 
= (U, 05) – Г — 55) + pol V, - Fy) 
= Bax + РАЙ — Р) 
= 122.72 + py V, - 27} 
2x 0.287 x 353 
500 
= 82.2 kJ Ans. (b) 


+ 0.287 In 2. 


= 122.72 - 100 x 


The irreversibility - 
f= Wax ше ~ Pan 
From ihe first law, 
Wn Q-AUZ-AU-ZUL-U, 

2, =U, - G,-Ty(h,- 53-0, +0, 

= 165: 54) 

= THAD) peters 
For adiabatic process, (45), = 0 


іт r mc, tn 12. + mRIn | 
1 4 


=278 x2 [ In ШЕ, 0.287 In 2] 


= 2178 x 2 (0.172 + 0.199) 

= 15.2 kJ Ans. (с) 
Example 8.7 Air expands through a turbine from 500 kPa, 520°C (о 100 kPa, 
300°C. During expansion 10 KJ/kg of heat is lost to the surroundings which is at 


98 kPa, 20°C. Neglecung the К.Е. and Р.Е. changes, determine per kg of air (а) 
the decrease in availability, (b) the maximum work, and (c) the irreversibility. 
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For air, lake c, = 1.005 kJ/kg K, & = c, T where c, is constant, and the p, V and T 
relation as in Example 8.6. 
Solution From the property relation 
745 = dH — V dp 
the entropy change of air in the expansion process 15 


mc, x 2 т Ёар 
fas- [= jn 
- 1, Pr 
or 5, - 5, = ме, ln ——— мА lo —- 
Т Pi 
For 1 kg of air, 
Т, Р: 
5-5 =c ln — - Rin —- 
P 1 А 
From Eq. {8.30}, the change in availability 
pi- Wz = b ӧ; 
= (A, - Tyri) -= (A, - Туз) 
= (hy — Ay) - Ty (3) – 52) 


_ P» Р, 
-с (T,-T)~To[ Rin 22 -e n2) 
P В! Р қ 


= 1.005 (520 300) - 293) 0.287 In i- 1.005 In 35) 


793 
= 1.005 x 220 — 293 (0.3267 - 0.4619) 
= 221.1 + 39.6 
= 260.7 kJ/kg Ans. (a) 
The maximum work is 
тах = Change in availability = W) - ү, 
= 260.7 кщ Ans. (b) 
From S.F.E.E., 
(Qt н W + hy 
-(h-h)tQ 
"e(T,- Ту) + Q 
= 1.005 (520 — 300) — 10 
= 211.1 kl kg 
The irreversibility 
T= Far 
=260.7 — 211.1 
= 49.6 kl/kg Ans. (c) 
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Alternatively, 
P= Ty AS аа + АЗ) 
= 293 (1005 ш -373 _ 0.287 In L +£] 
793 57 293 
= 293 x 0,1352 + 10 
= 49.6 kJ/kg Ans. (d) 


Example &8 Anair preheater is used to cow the products of combustion from 
a furnace while heating the air іо be used for combustion. The rale of flow of 
products is 12.5 kg/s and the products are cooled from 300 to 200°C, and for the 
products at this temperature c, = 1.09 kJ/kg K The rate of air flow is 11.5 kg/s, 
the initial air temperature is 40°C, and for the aire, = 1.005 kJ/kg К. (a) Estimate 
the initial and final availability of the products. (b) What is the irreversibility for 
the process? (c) If the heat transfer from the producis occurs reversibly through 
heat engines, what is the final temperature of the air? What is the power developed 
by the heat engine? Take 7, = 300 K and neglect pressure drop for both the Fluids 
and heat transfer to the surroundings. 

Solution 


Га) W, = initial availability of the products 
= (h, — hy) - 7965, — 5) 


к 
CT, - To) - Г Ср, In т. 


= 1.09573 – 300) — 300 x 1.09 In 273- 
300 


= 297.57 - 211.6 = 39.68 kJ/kg 
W = final availability of the products 
= {Ay ~ hy) — Toss — So) 


473 
= 1.09 (473 — 300) — 300 x 1.09 In 300 
= 188.57 — 148.89 = 39,68 kJ/kg 
(b) Decrease in availabiliry of the products 
-yi 0: 
= (A; — hy) — Го; – 22) 
= 1.09 (573 – 473) – 300 x 1.09 In 2 


= 109 ~ 62.72 = 46.28 kJ/kg 
By mans an energy balance for the air preheater [Fig. Ex. 8.8{а}]. 


TU -1,) 
"MA oa aT tis h 0057, ~ 313) 
т, = 122109 +313 = 430.89 К 


11.5 x 1.005 
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Increase in availability for air 
№ 
= (A, — Ay) - Tos; - 51) 


Products 
of Combustion 


| 
| 
| 
! 


a 


puc 


"a 1 ma AAA ан 
S — —— — «BANNIS -- 
Таз а > т=н / 
F 3 
— insulation 
Fig. Ex. 8.B(a) 


Тоз Exhaust (mg) 


| 


w Bobs - ea = 
е 
ш 
5 
E 


Т ^ir (maj 


Р-Р Т, PEE: 
(f, = "s U^ p, T 


ы 


= Ср, 


= 1.005 x (430.89 — 313) — 300 x 1.005 In a 
= 118.48 — 96.37 = 22.11 kJ /kg 
„. Irreversibility of the process 
= 12.5 x 46.28 — 11.5 x 22.11 
— 578.50 — 254.27 
- 324.23 kW 
(c) Let us assume that heat transfer from the products to air occurred through 
heat engines reversibly as shown in Fig. Ex. 8.8(5). 
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For reversible heat transfer, 
A Sony = 0 

A Sya tA Sur = 0 

A Sas Аб, = 0 


Г 
т.с - = т.с In -2 
ET, и аср, Т, 
433 Го 
12.5 x 1.09 In — = -11.5 x 1.005 In —— 
т 53 х "%13 
Т, 739241 K 


Kate of heat supply from the gas to the working fluid in the heai engine, 
О; = т, с, (Ta To 
= 12.5 x 1.09 (573 – 473) 
= 1362.50 kW 
Rate of heat rejection from the working Пша іш the heat engine to the air, 
Q; = т, су, (о T) 
= 11.5 х 1.005 {392.41 – 313) 
= 917.78 kW 


Total power developed by the heat engine 


W = Q,- Q, = 1362.50 - 917.78 
= 444,72 kW 


Example 8.9 А pas is flowing through а pipe at the rate of 2 kg/s. Because of 
inadequate insulation the gas temperature decreases from 800 to 790°C between 
Two sections in the pipe. Neglecting pressure losses, calculate the irreversibility 
Tate (or rale of energy degradation) due to this heat loss. Take 7, = 300 К anda 


constant c, = 1.1 КУКЕ К. 
For the same temperature drop of 10°C when the gas cools from 80°C to 70°C 


due to heat loss, what is the rate of energy degradation? Take the same values of 
Ty and ep What is the inference you can draw from this example? 


Solution Sven = Sos - 
0 
т Ср ( Т, ш 1 } 
To 
Irreversibility rate = rate of energy degradation 
7 rate of exergy loss 


= mí(s,— 51) — 
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1-1,5, 
= m Ts, -5)- mc, (1,- I) 


| 1 
= 7-7)-7, in + 
ny D- | 


-2х14 ІШ ~ 1063) — 300 In 1073. 


1063 
= 15,818 kW 


When the same heat loss occurs at tower temperature 


і-2х14 [353 ~ 343) ~ 300 In 253 | 


343 
= 3.036 kW 


it is thus seen that irreversibiliry rate of exergy destruction is more when the same 
heat loss occurs at higher temperature. Irreversibility rate decreases as the 
temperature of the gas decreases. Quantitatively, the heat loss may be the same, 
but qualitatively, it is different. 


Example 8.10 Ап ideal раз is flowing through an insulated pipe at the mte of 
3 kg/s. There is a 10% pressure drop from inlet to елі of the pipe. What is the rate 
of exergy loss because of the pressure drop due to friction? Take А = 0.287 kJ/kg 
К. and 7, = 300 К. 


Solution Rate of entmpy generation (rom Eq. (8.68), 


= 0.0861 КМК 

Rate of exergy loss 
i = 1p S aea 

- 300 x 0.0861 

= 25.83 kW 
Example 8.11 Water at 90°C flowing at the rate of 2 kg/s mixes adiabatically 
with another stream of water at 30°C flowing at the rate of 1 kg/s. Estimate the 
entropy generation rate and the rate of exergy logs due to mixing. Take T, = 


300 K, 
Solution 


mom + м. =2+1=3 kgs 


Неге х= == = 067 


262 = Hane and Applisd Thermodynamics 


From Ед. (8.76), 
y In x s r) 
0.67 + 0,835 x 0.33 
0.83505 

0.94555 
0.94223 

= 0.0442 kW/k 
Rate of exergy loss due to mixing 

Í= Ty Syn 
= 300 x 0.0442 
= 12,26 kW 


= 3 x 4,187 Ш 


= 12.56) In 


Alternatively, 


Equilibrium temperature after mixing, 
p= И ты? 
т, + т; 
22х90+1х30 _ ыс 
2 +1 


AŠ miv = Sem =2x4.187In Š$ * 1x 4,187 In 345 
363 303 


= 0.0447 КК 
f = 300 х 0.0447 = 13.41 kW 


Example 8,12 By burning a fuel Lhe rate of heat release is 500 kW at 2000 К. 
What would be the first Jaw and the second law efficiencies if (а) energy is 
absorbed in а metallurgical furnace at the тніс of 480 kW at 1000 K. (b) energy 15 
absorbed at the rate of 450 kW for generation of steam at 500 K, and іс) energy 
is absorbed in a chemical process ai the rate of 300 KW at 320 К? Take 7, = 
300 К, (d) Had the energy absorption rate been equal to 450 kW in all these three 
cases, what would have been the second law efficiences? What is the inference 


that you ean draw from this example? 


Solution If О, is the rate of heat release at temperature Т, and О, the rate of 


heat absorption at temperature T,. then 


ui 


and „= 
l- 


Ty 
т, 
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(а) Metallurgical furnace 


m= 280 x 100 = 96% 
500 
306 
= 1000 _ 
ШТ = 0.96 1. 300 x 100 = 70975 
2000 
(b} Steam generation 
450 
= —— Xx 100 = 90% 
Th 500 
‚_ 300 
= — 300 = 
Пи = 0.90 — 1007 ^ 100 = 42.3% 
2000 
(с) Chemical process 
= 300 500 = 60% 
500 
_ 300 
320 


т = 0.60 |. 309 х100 = 4.41% 
2000 


(d) in ail the three cases, m would remain the same, where 


n, = 450 x 100 = 0.90 
500 


Maney = 0.90 х ——1000_ x |00 = 74.11% 


Tht) = 0.90 қ — On x 100 = 4? 3% 


_ 320 
ШІН =0.90 x 1.80. x 100 = 6.61 9n 
2000 


It is seen that as the energy loss ( 0, - Qj increases, the first law efficiency 
decreases. For the same heat loss, however, as the tempeature diflerence between 
the source and the use temperature increases, the second law efficiency decreases, 
ог in other words, the rate of exergy loss increases. 
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Example 8.13 А system undergoes a power cycle while receiving energy Q, at 
temperature T, and discharging energy Q- at temperature Т,. There are no other 
heat transfers. 

(а) Show that the thermal e[Ticiency of the cycle can be expressed as: 


where 7, 15 the ambient temperature 
and 7 is the imeversibility of the cycle. | Т, \ 
(b) Obtain an expression for the unm 17 
maximum theoretical value for the ja 
thermal efficiency. TON] 
(c) Derive an expression for the t €) |w*Q,-0, 
irreversibility for which no network 15 а, 
developed by Ше cycle. What 


conclusion do you derive from it? 72 | 
Solution Ап availability balance for 
the cycle gives (Fig. Ex, 8.13), Fig. Ex. 8.13 


1; To 
-ü-2|l--— –-|1- -W-I 
(Ate | Т Jo ( Т, Jo 
since each property is restored 10 its initial stale. 
Since Qi-7Q,- 7, 


f T Т, 
бр Ванс 


ТЕЛЕН 


= =]— Proved. 
а 1 0 
(b) When /- 0, 
1, 
Tmax ~ -— 
І 
(c) When = 0 
"-0-1--2 dH 
1 10, 
rll l]4..|98. 
i1] 31-1 lo, n [2 à rns. 


The heat transfer Q, from 7; to T, takes place through a reversible engine, and 
the entire work is dissipated іп the brake, from which an equal amount of heat is 
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rejected to the reservoir at Т. Heat transfer through a finite temperature 
difference is thus equivalent io the destruction of its exergy. (See Ап, 8.10. 1(a)). 


Example 8.14 А compressor operating at steady state lakes in 1 kg/s of air at 
1 bar and 25°C and compresses it to 8 bar and 160°C. Heat transfer from the 
compressor to its surroundings occurs ai a rate of 100 kW. (a) Determine the 
power input in kW. (b) Evaluate the second law efficiency for the compressor. 
Neglect KE and PE changes. Take Го = 25°C and P, = 1 bar. 


Solution SFEE for the compressor (Fig. Ex. 8.14) gives: 
W = 0 + igh,- M) =~ 100 + 1x 1.005 (25 — 160) 
= — 235.7 kW Алпх.(в} 


"4 vx | 

с, 
T? 

Ра Ех. 8.14 


Exergy balance for the compressor gives: 


таг + д1--®)- W - та, = 1 
_ = mía, — ag.) – 41-2)» +f 


т = mía; — a; ) 
1 F 


ap, — dg, = Ay – Ay — 132-91) 


= oTa- T9- Tif ep ш---Аш в. 


РІ 
433 
<105(160--25)-298 (1.005 In 222 — 0.287 1n 8 
= 200.95 kJ/kg 
200.95 
- = 0,853 or, 85,3% Ат. 
1 70353 or ns. (b) 


Exampie 8.15 Determine the exergy of 1 m? of complete vacuum. 


Solution 
$= L- Ulo t PaF- Р) – TAS - S9) 
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= H~ Ho- Vip - po) — Т5 — So) 
Since a vacuum has zero mass, 
U-0,H-0,and 5-0 
If the vacuum were reduced to ће dead state, 
U, = 0, Но = 0, $, = 0 and У, = 0. 
The pressure р for the vacuum is zero. 
But рь = 1 bar = 100 kPa and F= і т? 


ё = рой = 100 у х1 т? = 1001] Ans, 


if on air motor operates between the atmosphere and the vacuum, this is the 
maximum useful work obtainable. Therefore, the vacuum has an exergy or work 


potential. 


Example 8.16 A mass of 1000 kg of fish initially at 1 bar, 300K is to be 
cooled ta – 20°С, The freezing point of fish 15 — 2.2°C, and the specific heats of 
fish below and above the freezing point are 1.7 and 3.2 kJ/kg K respectively. The 
latent heat of fusion for the fish can be taken 25 235 kJ/kg. Calculate the exergy 
produced in the chilling process. Take 7, = 300 K and p, = 1 bar. 

Solution 

Exergy produced = Н, - H, - Tals- 51) 
With reference to Fig. Ex. 8.16, 


Fig. Ex. 8.16 


H, - Н, = 1000 [1.7 (270.8 - 253) + 235 + 3.2(300 — 270.8)] 
= 1000 [1.7 x 17.8 + 235 + 3.2 x 29.2] 
= 1000 [30.26 + 235 + 93.44] = 358.7 МІ 

H,- H, = - 358.7 MJ 


5, — S, = 1000 [1л Іп + | 
253 2708 270.8 


= — 1000 [0.1156 + 0.8678 + 0.3277] 


270.8 | 235 +3218 300 | 
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= 1.311 MIK 
$- $ = - 1.311 МҮК 
Exergy produced = – 358.7 + 300 x 1.311 
= — 358,7 + 393,3 
= 34.6 MJ or 9.54 kWh Алу. 


Example 8.17 А quantity of atr initially at і bar, 300 К undergoes two types 
of interactions: (a) it is brought to a final temperature of 500 K adiabatically by 
paddle-wheel work transfer, (b) the same temperature rise is brought about by 
heat transfer from a thermal reservoir at 600 К. Take 7, = 300 К, ру = 1 atm. 
Determine the irreversibility (in kJ/kg) in each case and comment on the results, 


(а) tb) 
Fig. Ех 817 


Solution Case (a): As shown in the above figures (Fig. Ex. 8.17), 


Азу = Spn = Gy Ш 2 = 0.718 In 
= 0.367 kI/kg К 
| Г-300х 0.367 = 110.1 kJ/kg Ans. 
Case (5): Q-mc(T,-7) 
= ] x 0.718 (500 - 300) = 143.6 kJ/kg 
AS me = 5—5] — e = 0.367 — 125 
= 0.1277 kI/kg K 


Г = 300 x 0.1277 = 38.31 ИЛ 
Comment: 
The trreversibility in case (b) ts less than in case (a). 


„= Tels. -— 51), 4, = Tos- 31) - = 


The irreversibility in case (b) is always less than in case {а} and the two values 
would approach each other only at high reservoir temperature, t.e., 


I, fas T— o 
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Example 8.18 Steam enters a turbine at 30 bar, 400°C {Л = 3230 kJ/kg, s = 
6.9212 kJ/kg K} and with a velocity of 160 m/s. Steam leaves as saturated vapour 
at 1005С (А = 2676.1 kJ/kg, s = 7.3549 kJ/kg К) with а velocity of 100 m/s, At 
steady state the turbine develops work at a rate of 540 kJ/kg. Heat transfer 
between tbe turbine and its surroundings occurs at an ayemge outer surface 
temperature of 500 K. Determine tbe irreversibility per unit mass. Give an exergy 
balance and estimate the second law efficiency of the turbine. Таке p, = 1 atm, 
T, = 298 К and neglect PE effect. 


Solution By exergy balance of the contro] volume (Fig. Ex. 8.18), 


dp = + 01-2) +в +1 
В 


where a; is the exergy transfer per urit mass. 


o sr} ы, 
“су By 
5 и 2 
д K 
Tg о 
Fig, Ex. 8.18 


Т 
=a- ap- W- 20-48) 


2 yl 
= (ну — #5) — Ts — 52) + 1-5 _ ғ- 0. -R 
2 їв 


2 aan? 
= (3230.9 — 2676.1) - 29869212 - 7.3549) + 160° = 100" 
x 0? sao- 01-298) 
500 
= 151.84 — Q(0.404) (1) 
By SFEE, 
y? р? 
h +t- =F ++ 0+ +4 
+H peg 
2 v2 
Q- (hy -hyt 1—1 _W 


2 any? 
= (3230,9 — 2676.1) + oe x 10 — 540 


= 22.6 kJ/kg. 
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From Eq. (1). 
[= 151.84 – 22,6 x 0,404 
= 42.71 kJ/kg Ans. 
Net exergy transferred to turbine | 
dp, — dy, = 691.84 kI/kg 
Work = 540 kJ/kg 
Exergy destroyed = /= 142.71 kJ/kg 
Exergy transferred out accompanying heat transfer 
= 22.6 x 0.404 = 9.13 kJ/kg 
Exergy Balance 
Exergy transferred Exergy utilized 
691.84 kJ/kg Work = 540 kJ/kg (78%) 
Destroyed = 142.71 kJ/kg (20.6%) 
Transferred with heat = 9.13 kJ/kg (1.3%) 
691.84 kI/kg 
540 


Second law efficiency, ry = eM 0.78 or 78% Ans. 


Example 8.19 A furnace is heated by an electrical resistor. At steady state, 
electrical power is supplied to the resistor al a rate of 8.5 kW per metre length to 
maintain it at 1500 K when the furnace walls are at 500 K. Let 7, = 300 K (a) For 
the resistor as the system, determine the rate of availability transfer 
accompanying heat and the irreversibility rate, (b) For the space between the 
resistor and the wails as the system, evaluate the irreversibility rate. 

Solution Case fa): At steady state for the resistor (Fig. Ex. 8.19), 


O=AU+W=6 =8.5kW 


Resistor at 500 К __ Space 


— Furnace walls at 500 К 
Fig. Ex. 3.19 


Availability rate balance gives 


* i-e r1 
44 (р. fo ЖТ A TT 
1; pee m 
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i = Rate of irreversibility 


=(1--®)д+#-{! - 300.) 8.5) +85 


1500 
=L7kW Ans. (a) 
Rate of availability transfer with heat 
1% | | 300 
= 1----- = 1- a — AH. = — 1, Ww А 
| T Q 1509 (- 8.5) =-6,8 К Ans. (a) 


Case (b): Steady slate, 


87 Т, 
ў = (1 - 109 )в.5 - (1 - 200.8 
1500 500 
=6.8-3.4=3.4kW Ans. (b) 


Example 8.30 Air enters a compressor at 1 bar, 30°C, which is also the state 
of the environment. It leaves at 3.5 bar, 141°C and 90 m/s. Neglecting inlet 
velocity and Р.Е. effect, determine (a) whether the compression ts adiabatic or 
polytropic, (b) if not adiabatic, the polytropic index, (c) the isothermal efficiency, 
(d) the minimum work input and irreversibility, and (d) the second law efficiency. 
Take c, of air = 1.0035 kTI/kgK. 

(a) Afer isentropic compression 


Р-р 
n. H UT 
В 


T4, = 303 (3.5295 = 433.6 К = 160.6°C 


Since this temperature is higher ihan the given temperature of 141°C, there is 
heat logs to the surroundings. The compression cannot be adiabatic. It must be 


polytropic. 


(n —1)ёп 
(b) B5. Е 
Т, Р\ 
(n — L)/n 
141 +273 _ | ape - (35) 
30 4 273 
log 1.366 = ^—“ Jog 3.5 
n 
- L2 04355 10248 
n 0.544 


т = 1.32978 = 1.33 Ans. 
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іс) Actual work of compression 


2 2 
W, = h в, E = 1.0035 (30 — 141) - > x 10? 
= 115.7 kI/kg 
Isothermal work 
2 2 2 
W, = [vdp - 12 = в in 22 A. 
1 2 B 2 
2 
= — 0.287 x 303 In (3.5) - x 102 
ш.- 113 Мор 
Isothermal efficiency: 
Hr 113 
= = —— = 00.977 or 97,7% Ans, 
пт и = 1157 ог б ns 
(d) Decrease in availability or exergy: 
ү? E pi 
М 2 = Ay А Tosi — 5) + —7- 
= P; Т; Д 
=c(T,-7,)-T, Балы naj 5 
peel 2 й р, р 7, 3 
= 1.0035 (30 - М 
2 
-303 [0.287 In 3.5 — 1.0035 In ati --99 
303 2000 
=— 101.8 kFkg 
Minimum work input = - 101,8 Чр Ans. 
Irreversibility, I2 W.-W, 
= - 101.8 - (- 115.7) 
= 13.9 kJ/kg Ans. 
(е) Second law efficiency, 
ty = Minimum work input _ 1018 
U — Actual work input 115.7 
= 0.88 ог 38% Ang, 
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81 What do you understand by high grade energy and low grade energy? 


8,2 What is available energy and unavailable energy? 
83 Who propounded the concept of availability? 
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8.25 


8.20 
8.27 


8.28 
8.20 


8.30 
8.31 


8,32 
8.33 


What 3s the available energy referred to n cycle? 

Show that where is a decrease in available energy when heat is transferred through 
a finite temperature difference, 

Deduce ihe expression for available energy from a finite energy source at 
tempemture T when the environmental temperature is Tp. 

What do you understand by exergy and energy 

What is meant hy quality of cnergy? 

Why 1% exergy of a Muid at а higher temperature more than that at a lower 
lemperarure? 

How does the exergy value provide a useful measure of the quality of energy" 
Why is tbe second law called the law of degradation af energy? 

Energy is always conserved, but its quality 15 always degraded. Explain, 

Why is the work done by a closed system in a ceversible process by interacting 
only with the surroundings (he maximum? 

Show that equal work is done in al] reversible processes between the same end 
states of 2 system if it exchanges energy only with the surroundings. 

Give the general expression for the maximam work of an open system which 
exchanges heat only with the surroundings. 

What do you upderstand by Keenan function? 

Give the expression for reversible work in a steady flow process under a given 
environment. 

Give the expression for reversible work done by a closed system if it interact 
only with ihe surroundings. 

What do you understand by "useful work’? Derive expressions for useful work 
[ог a closed system and a steady Now system which interact only with the 
surroundings. 

What arc the availability functions for а: (a) clossed system, (b) steady Now 
system? 

What do you understand by the dead state? 

What is meant by avaitebiiity? 

Give expressions For availabilies af a closed system and а steady Mow open 
system. 

What аге Helmholtz function and Gibbs function? 

What is the availability is a chemical reaction if the temperacure before and after 
the reaction js the same and equal to Lhe temperature of che sucroundings? 
When is the availability ога chemical reaction equa! to the decrease in the Gibbs 
function? 

Derive the expressiou for ineversibiliry or exergy loss in a process executed һу: 
(a) a closed system, (b) a steady flow system, in a given environment. 

Siate and explain the Gouy-Stodola theorern. 

How із heat transfer ibrough а finite temperature difference equivalent to the 
destruction of its availability? 

Considering the steady and adiabatic [ow of an ideal gas through а pipe, show 
that the rate of decrease in availability ar lost work 15 proportional to the pressure 
drop und the mass flow rate. 

What do you understand by Grassman diagram? 

What is entropy generation number? 

Why is exergy always a positive value? Why cannot it be negative? 
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Why and when is exergy compictely destroyed? 

Give the exergy balance for a closed system. 

Explain the statement: The exergy of an isolated system can never increase. How 
Is it related ro the principle of merease of entropy? 

Give tlie exergy balance of a steady [low system. 

Define the second law elTiciency. How is it different from the first law efficiency 
in the case of a simple power plant? 

Derive the second Jaw eficiency for: (a) a solar water heater, and (b) a heat pump. 
What is meant by energy cascading? How is it thermnodynamicaliy efficient? 
Derive expressions for the imeversibility and second law efficiency of a: 

(a) steam turbine, (b) compressor, £c) heat exchanger, and (d) mixer. 

What is the deficiency of the first law efficiency? How does the second law 
efficiency make up this deficiency? 

How сап you improve the frst law efficiency and the second law efficiency? 


PROBLEMS 


81 Whati 15 the maximum useful work which can be obtained when 100 kJ are 


8.2 


8.3 


8.4 


8.5 


abstracted from а heat reservoir at 675 K in an environment at 288 К? What is the 
loss of useful work if (a) a tenipecature drop af $0°С 15 нигоЧисед between the 
heat source and the heat engine, on the one hand, and the heat engine and the heat 
sink, an the ether, (b) ilie source temperaiure drops Бу 30°C and the sink 
temperature rises by 50°C during the heat transfer process according to the linear 


1р _ 


law — = + constant? 
ат 
Ans. 87,38 КЛ, fa) 11.46 KJ, (b) 5.5 KI 
[n а steam generator, water is evaporated at 2607 C, while the combustion gas (с, 
= 1.05 KJ kg K) rs coated from 1300°C to 320°C. The surroundings are at 30°C. 
Determine the loss in available energy due to the above heat transfer per kg of 
water evaporatex.. (Latent heat of vaporization of water at 260°C = 1662.5 kJ/ 
kg.) 
Ans, 443.6 kl 
Exhaust gases [cave an intemal combustion engine at 800°C aod 1 aim, after 
having donc 1050 kJ of work per kg of gas in the engine (c, ol gas = 1.1 kJ/kg K} 
The tempenruture of the surroundings is 30°C. (a) How much available energy 
per kg of gas is lost by Ihrowing away the exhaust gases? (ір) What is the ratio of 
the lost available energy ta the engine work? 
Ans, (a) 425.58 kJ, (b) 0.405 
A hot spring produces water at a temperature of 36°C, The water flaws inta a 
large lake, with a mean temperature of HIPC, al a rate of 0. 1m? of water per min. 
What ig the rate of working of an ideal heat engine which uses all the available 
energy? 
Ans. 19.5 kW 
0.2 kg of air at 300°C is heated reversibiy at constant pressure to 2066 K. Find 
the available and unavailable energies of the heat added. Take 7; = 30°C and c, 
= 1.0047 kike K. 
Ans. 211,9 and 78.] kJ 
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8.6 


8.7 


3.8 


8,9 


8,10 


Eighty kg of water at ПКС are mixed with 50 kg of water at 60°C, while the 
temperature of ihe surroundings is 15°C. Determine the decrease in available 
energy due to mixing. 
Ans. 240 kJ 

А lead storage baitery used т an automobile is able to deliver 5.2 MJ of electrical 
energy. This energy is available for starting tbe car. 
Let compressed air be considered for doing an equivalent amount of work in 
slanting the car. The compressed air is lo be stored at 7 MPa, 25°C. What is the 
volume af the tank that would be required to let the compressed air have an 
availability of 5.2 MJ? For air, ру 0,287 T, where Tis in К, p in kPa, and v in 
m kg. 

Ans. 0.228 m? 
lee is to be made fram water supplied at 15°С by the process shown in Fig, P 5,8. 
The final temperature of the ice is - 10°C, and the final temperature of the water 
that iz used as cooling water in the condenser is 30°C. Determine the minimum 
work required to produce [000 kg of ice. Take c, for water = 4.187 kJ/kgK, c, for 
ice = 2,093 ЛФК. and iatent heat of fusion of ice = 334 К/К. 


Viaber 30°C 


Water 16°C 


Fig. PH.8 


Ans, 31.92 MJ 
А pressure vessel has а volume of im? and contains air at 1,4 MPa, 175 *C. The 
aie is cooled із 25°C by heat transfer to the surroundings at 25°C. Calculate the 
availability in the initial and final sates and the irreversibility of this process. 
Take py = 100 kPa. 
Ans, [35 Ке, 114.6 kJ/kg, 223 kJ 
Ait Flows through ай adiabatic compressar at 2 kg/s. The inlet conditions arc 1 
bar and 310 K amt the exit conditions are 7 bar and 560 К. Compute the net rate 
of availability transfer and the irreversibility. Take Tp = 298 К. 
Ans. 481.1 KW and 21.2 kW 
An adiabatic turbine receives а gas (eg = 1.09 and c, = 0.838 kT/kg K) at 7 ber 
and 1000°С and discharges at 1.5 bar and 665°C. Determine the second law and 
isentropic efficiencies of the turbine. Take 74, = 298 К. 
Ans. 0.956, 0.879 
Алг enters an adiabatic compressar at atmospheric conditions of 1 bar, 159Г and 
leaves al 5.5 bar. The mass flow rate із 0.01 kg/s and ihe elTiciency of Lhe 
Compressor is 72%, АЙет leaving the compressor, the air is cooled to 40°C in an 


8.14 


8.16 


8.17 


8.18 
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aftercooler. Calculate £a) the power required ta drive the compressor, anal (b) the 
rate of irreversibility for the overall process (compressor and cooler). 
Ang, (а) 2,42 kW, (b) 1 kW 
[n a rotary compressor, air enters at i.l bar, 21°С where it is compressed 
adiabatically to 6.6 bar, 250°C, Catculate the irreversibility and the entropy 
production for unit mess flow rate. The stmesphere is at 1.03 bar, 20°C. Neglect 
ће К.Е. changes. 
Ans. 19 kJ/kg, 0.064 Ле K 
In a steam boiler, the hot gases from a fire transfer beat 10 water which vaporizes 
at a canslant temperature of 242.6°C (3.5 MPa). The gases аге copied from 1 100 
to 430°C and have an average specific heat, с, = 1.046 kJ/kg К. over this 
temperature range. The latent beat of vaporizatian of steam at 3,5 MPa is 
1753.7 kJ/kg. Ifthe steam generanon rate 15 12,6 kg/s and there is negligible heat 
logs from Lhe boiler, calculare: (a) the rate of beat transfer, (b) ihe rate of loss of 
exergy of the рая, (c) the rate of gain of exergy of the steam, and (dj the rate of 
entropy generation. Take 7; = 21°С, 
Ans, {а} 22096 kW, (b) 15605,4 kW (с) 9501.0 KW. td) 20.76 kW/K 
Ап ecanomizer, à gas-tao-waler finned tube heat exchanger, receives 67.5 kg/s of 
RAS C, L.0046 те К, and 51.1 kg/s of water, e, = 4.186 kJ/kg К. The water 
rises in temperature from 402 10 469 K, where the gas falls in temperature from 
$82 to 470 K. There are no changes of kinetic energy, and p, = 1.03 bar and 7, = 
289 Қ Determine: (а) rate of change of availability of the water, (b) the rate of 
change of availability af the gas, and (су the rate of entropy generation. 
Анх. (а) 4802.2 KW, (b) 7079,8 KW, (5) 7.73 ҚҰЖ 
The exhaust gases from a gos turbine arc used ta heat water in an adiabatic 
counterflow heat exchanger. The gases are cooled from 760 to 120°C, while 
water enters at 65°С, The flaw rates of the gas and water are 0.38 kg/s and 
0.50 kgs respectively. The constant pressure specific heals for the gas anal water 
are 1.09 and 4.186 kJ/kg K respectively. Calculate the rate of exergy toss due ta 
heat transfer. Take 7, = 35°C. 
Ans. 11.92 К 
The exhaust from à gas turbine at 1.12 bar, 800 Қ flows steadily inte а heat 
exchanger which cools the gas to 709 К without significent pressure drop. The 
heat transfer from the gas heats an air [Tow at constant pressure, which enters the 
heat exchanger at 470 К. The masa flow rate of air is twice that of the pos and the 
surToundings are at 1.03 bar, 20°C, Determine: (а) the decrease in avaitabiliry of 
the exhaust gases, and (b} the totai entropy production per kp of gas, (с) What 
unmangement would be necessary lo make the heat transfer reversible and how 
much would this increase the power output of the plant per Ер of turbine gas? 
Take c, for exbaust gas as 1.08 and for air из 1.05 kJ/kg К, Neglect heat transfer 
to the surroundings and Uke changes т kinetic and potential energy. 
Ans. (а) 66 КИР. (b) 0.0731 kJ/kg К. (c) 38.7 kJ/kg 
An air preheater is used to heat up the air used for combustion by cooling the 
outgoing productis of combustion froma fumace. The mie of fow of the products 
ік EO Kg/s, and the products are cooled from КЕС to 200°C, and for the products 
at this temperature c, = 1.09 kJ/kg К. The rate of air flow is 9 kg/s, the inilial air 
temperature 35 40°C, and for the air c, = 1.005 kJ/kg К. 
(a) What is the mitai and Anal availability af the products? 
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(b) What is the ireversibility for this process? 

(c) Ef the heat transfer from the products were to take place reversibly through 
heat engines, what would be the finally temperature of the air? What power 
would be developed by the heat engines? Take Г, = 300 K. 

Ans (a) 85.97, 39.68 КІ, (b) 256.5 KW, іс) 394.41 К, 353.65 kW 

A mass of 2 kg of air in a vessel expands from 3 bar, 70°C to | bar, 40°C, while 

receiving 1-2 kJ of heat from a reservoir at 120°C. The environment is at 0.98 

Баг, 27°C, Calculate ihe maximum work and the work done on the aumosphere. 

Ans. 177 kJ. 112.5 kJ 

Air enters the compressor of a gas turbine at 1 bar, 30°C and leaves the 

compressor at 4 bar. The compressor has an efficiency of 82%. calculate per kg of 

air (a) the work of compression, {b) the reversible work of compression, and 

(c) the imeversibilicy. [Far air, use 


f 
where Ту, 15 the temperature of gir aller isentropic compression and у= 1.4. The 
compressor efficiency is defined as (7, ~ Tyy (T, – Г), where 7, is the actual 
temperature of wir after compressional] 

Ans. (а) 180.5 kJ/kg, (5) 159.5 kI/kg (c) 21 kJ/kg 
А mass of 6.98 kg of air is in a vessel at 204 KPa, 27°C. Hent із transferred to the 
ais from a reservoir at 727°C until the temperature of air rises lo 327°C. The 
environment 15 at 100kPa, 17°C, Determine (a) the initia) and [inal availability of 
ат, (b) the maximum useful work associated with the process. 
Аня. (a) 103.5. 621.9 ЕҢЫ 582 К) 
Air enters an adiabatic compressor m steady flaw at 140 kPa, 17°C and 70 m/s 
and leaves it at 350 kPa, 127°C and 110 туз. The environment is at 100 Кра, 
7°C. Calculate per kg of air (а) the actual amount of work required, (b) the 
minimum work required, and (c) the irteversibiliry of the process. 
Ans. (a) 114.4 KJ, (b) 97,3 XJ, (с) 07.1 kJ 
Air expands in a turbine adiabaticaliy from 500 kPa, 400 К and 150 m/s to 
100 kPa, 300 К and 70 mvs. The emvironment js at 100 kPa, 17°С. Calculate per 
kg of air {a} the maximum work output, (b) the actual work output, and (c) the 
irreversibility. 
Ans. іа) 159 kJ, (b3 109 kJ, (c) 50 kJ 
Calculate the specilic exergy of air for a state at 2 bar, 393.15 К when the 
surroundings are at à bar, 293.15 K Take c, = 1 and А = 0.287 kJ/kg К. 
Ans. 72.31 ЮЕ 
Calculate the specific exergy of CO, (c, = 0.8659 and A = 0.1889 kJ/kg К) for a 
state 21 0,7 bar, 268.15 К and for the eavirorunent at 1.0 bar and 793.15 К. 
Ans. ~ 18,77 kivkg 
А pipe carries a stream of brine with a mass flow rate of 5 kg/s. Because of poor 
thermal! insulauon the brine temperature increases From 250 K at the pipe inlet to 
253 К at the exit. Neglecting pressure losses, calculate the irmreversibility rate (or 
rate of energy degradation) associated with the heat leakage. Take 7, = 293 К 
and c, ^ 2.85 ИКЕ К. 
das. 7.05 kW 
іп ал adiabatic throttling process, energy per unit mass or enihalpy remains the 
same. However, there is a loss of exergy. An ideal gas flowing at the rate rk 15 
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Інген Ші from pressure p, to pressure р, when the environment is at temperature 
Ту. What 15 the rate of exergy loss due to throtUing? 


Ans. і = m RT, м РЕ 
Р, 
Air at 5 bar and 20°C flows into an evacuated tank until the pressure in the tank 
is 5 bar. Assume that the process ts adiabatic and the temperature of the 
surroundings is 20°C, (а) What is the final temperature of Lhe air? (b) What is Ше 
reversible work produced between the initial and final states of the air? (С) What 
is the net entropy change of the air entering the tank? (d) Calculate Lhe 
irreversibility of the process. 
Ans. (a) 410.2 К. (b) 98.9 Јо, (с) 0.3376 kJ/kg К, (d) 98.9 kJ/kg 
А Camot cycle engine receives and rejects heat with a 20°C tempetature 
differential Һегусел itscif and the thermal energy reservoirs. The expansion and 
compression processes have a pressure ralio of 50. For 1 kg of air as the working 
Substance, cycle temperature Jimits of 1000 K and 300 К and 7, = 230 К, 
determine the second law efficiency. 
Ans, 0.965 
Energy is received by а solar collector at the rate af 300 kW from a source 
temperature of 2400 К. 1f 60 kW of this energy is lost te the surroundings at 
steady stue and if the user temperature remains constant at 600 K, what are the 
first taw and the second law efficiencies? Take 7, = 300 К. 
Ans. 0.80, 0.457 
For flow of an ideal gas through an insulated pipeline, the pressure drops fram 
100 bar to 95 bar, If the раз flows at the rate of 1.5 kg/s and has е = 1.005 and 
c, 7 0.718 ЮЛЕ K and if 752 300 В, find Ше rate of europy generation and пие 
of loss of exergy. 
Ans. 0,0215 KW/K, 6.46 kW 
The cylinder of an interna] combustion engine contains gases at 25040? C, 58 bar. 
Expansion takes place through a volume ratio of 9 acconling ta po’ 38 = const. 
The sumoundmgs are at 20°C, 1.1 bar. Determine the loss of availability, the 
work transfer and the heat transfer per unit mass. Treat ihe gases as ideal having 
Я = 0.26 КЛЕР K and c, = 0.82 ЫЛкЕ-К. 
dns. 1144 kVkg, 1074 УЛ, -21 3kFkg 
ina counteriTow beat exchanger, oil (c, = 2.1 kJ'kg-K) is cooled from 440 to 320 
К. while water (c, = 4.2 КИК K) is heated from 290 K to temperature 7. The 
respective mass flow mics of oil and water are 804 and 3200 kg/h. Neglecting 
pressure drop, KE and PE effects and heat loss, determine (a) the temperature 7, 
(b) the rate of exergy destruction, (c) the second law efficiency. Take T, = 17°С 
and n, = i atm. 
Ans. (a) 305 К. (hb) 41.4 МИЪ. (2) 10.995 
Oxygen enters а nozzle operating at steady state at 3,8 MPa, 387°C and 10 m/s. 
At Ще nozzle exit the conditions are 150 kPa, 37°C and 750 mvs. Determine (a) 
thc heat transfer per kg and (b) the irreversibilily. Assume oxygen as an ideal gas, 
and take Т, = 20°C, p, = 1 atm. 
Ans. (a) – 37.06 kJ/kg, (b) 81,72 Кр 
Argon gas expands adiabatically іп a turbine from 2 MPa, 1000°С to 350 kPa. 
Ihe mass flow rate is 0,5 kgs and the turbine develops power at the mite of 
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120 EW. Determine (а) the temperature of argon at the turbine exit, (b) the 
irreversibility rue, and (c) the second law efficiency. Neglect KE and PE effects 
and take То = 20°C, p, = | atm. 
Ат. (а) $38.1°С, (b) 18.73 kW, (с) 86.5% 
In the boiler of a power plant are tubes through which water flows as H is brought 
from 0.8 MPa, 150°C (4 = 632.6 Ко, x = 8418 kl/kg K} to 0.8 MPa, 250°C 
(л = 2950 kJ/kg, s 7,0384 kJ/kg К). Combustion gases passing over the tubes 
cool from 1067°C to 547°C. These gases may be considered as air (ideal gas} 
having c, = 1.005 kW/kg К. Assuming steady slate and neglecting any heat loss, 
and KE and PE effecis, determine (a) Ше mass [Low rate of combustion gases per 
kg of steam, (b) the loss af exergy per kg steam, and (c) ће second Jaw efficiency. 
Take Т, = 25°С, ро = 1 arm. 
Ans, (а) тұт, = 4,434, (b) $02.29 kJ/kg steam, (c) 48.9% 
Aart enters a haw dryer at 22°C, 1 bar with a velocity of 3.7 m/s and exits at 839, 
1 bar with a velocity of 9.1 m/s through an arca of 18,7 cm’. Neglecting any heat 
toss and PE effect and taking 7, = 22°C, (а) evaluate the power required in kW, 
and (b) devise and evaluate a second law elTiciency. 
Ans. {а} — 1.02 kW, (b) 9% 
Ал isolated system consists of two solid blocks. One block hes а mass of 5 kg 
and ia initially at 300°C. The other block has a mass of 10 kg and is initially at 
- 50°C. The blocks are allowed to come into thermal equilibrium. Assuming the 
blocks are incompressible with constani specific heats of | and 0.4 оК, 
respectively, determine (n) the final temperature, (b) the irreversibility. Take Ty = 
300 K. 
Aas, (а) 417.4 К, (b) 277 kJ 
Air flows into a heat engine at ambient conditiona 100 kPa, 300 К. Energy is 
supplied as 1200 KJ per kg air from а 1500 K source and in some рап of the 
process, a heat loss of 300 ki ‘ke air happens at 750 К. The air (eaves the engine 
at 100 kPa, ЕЮК. Find the first and the second law efficiencies. 
ans. 0.315, 0.672 
Consider two rigid containers each of volume 1 т! contaming air at 100 kPa, 
4008. An intemally reversible Camo beat pump is chen thermally connected 
heiween them so thar it heats one ор and cools the other down, In order to transfer 
heat af à reasonable rate, the temperature difference berween the working [urd 
inside ihe heat pump ond the air in Ше containers 15 set to 20°С, The process 
stops when the air in the coldest tank reaches 300K. Find the final temperature of 
the air that зя heated up, the work input to the heat pump, and the overall second 
law efficiency, 
Ans. 550 K, 31.2 kl, 0.816 
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Properties of Pure 
Substances 


A pure substance is a substance of constant chemical composition throughout its 
mass. It 15 a one-component system. It may exist in one or more phases. 


9.1 ф-г Diagram for a Pure Substance 


Assume a unit mass of ice (solid water) at—10°C and! atm contained in a cylinder 
and piston machine (Fig. 9.1) . Let the ice be heated slowly so that its temperature 
is always uniform. The changes which occur in the mass of water would be traced 
as the temperature is increased while the pressure is held constant. Let the state 
changes of water be plotted on p—v coordinates. The distinct regimes of heating, 
as shown ІП Fig. 9.2, are: 


Fig. 9.1 Healing of HO at a constant pressure of ? aim 


1—! The temperature of ice increases from —10°С to 0°C. The volume of ice 
would increase, as would be the case for any solid upon heating. At state 2, i.e. 
0°С, the ice would start melting. 

2-3 lce melts into water at a constant temperature of 0°С. At state 3, the 
melting process ends. There ix a decrease in volume, which із a peculiarity of 
water. 
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3-4 The temperature of water increases, upon heating, from 0°C to 100°C. 
The volume of water increases because of thermal expansion. 

4-5 The water starts boiling at state 4 and boiling ends at state 5. This phase 
change from liquid to vapour occurs at a constant temperature of 100°C (ihe 
pressure being constant at | atm). There is a large increase in volume. 

5-6 The vapour is heated to, say, 250°C (state 6). The volume of vapour 
increases from t, to tg. 

Water existed in the solid phase between 1 and 2, in the liquid phase between 
3 and 4, and in the gas phase beyond 5. Between 2 and 3, the solid changed into 
ihe liquid phase by absorbing the latent heat of fusion and between 4 and 5, the 
liquid changed into the vapour phase by absorbing the latent heat of vaponzation, 
hoth at constant temperature and pressure. 

The states 2, 3, 4 and 5 are known as saturation states. A saturauion state is a 
state from which a change of phase may occur without a change of pressure or 
temperature. Stale 2 is a saturated solid state because a solid can change into 
liquid at constant pressure and temperature from srate 2. States 3 and 4 are both 
saturated liquid states. in state 3, the liquid is saturated with respect ta 
solidification, whereas in state 4, the liquid is saturated with respect to 
vaporization, Slate 5 is a saturated vapour state, because from state 5, the vapour 
can condense into liquid without a change of pressure or temperature. 

If the heating of ice at -10°C to steam at 250°С were done at a constant 
pressure of 2 atm, similar regimes of heating would have becn obtained wiih 
similar saturation states 2, 3, 4 and 5, as shown in Fig. 9.2. All the state changes 
of the system сап similarly be plotted on the p-p coordinates, when it is heated at 
different constant pressures, All the saturated solid states 2 at various pressures 
are inined by a line, as shown in Fig. 9.3. 


— —— -—- —- 


8 6 
Large volume change 


— V 


Fig. 9.9 Changer in ihe volume of water during heating at constant pressure 


Similarly, all the saturaied liquid states 3 with respect to solidification, all the 
saturated liquid states 4 with respect to vaporization, and all the saturated vapour 
states 5, are joined together. 

Figure 9.4 shows state changes of a pure substance other than water whose 
volume increases on melting. 

The line passing through all the saturated solid states 2 (Figs 9.3 and 9.3) is 
called the sarurated solid line. The lines passing through al! the salurated liquid 
states 3 and 4 with respect іо solidification and vapanzation respectively аге 
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known as the saturated liquid fines, and the line passing through all the saturated 
vapour stares 5, is the saturated vapour tine. The saturated liquid line with 
respect ta vaporization and the saturated vapour line incline towards each other 
and form what is known as the загыганол or vapour dome. The rwo lines meet at 
the critical state. 


Fig. 9.3 р-г diagram of water, whose colume decrrases on mailing 


Saturated Rquid fines 
.— Critical Hale 


EL, 
+ —-— Saturaled vapour line 
| 6 
| ы. 
Pu __ — Triple point line 
Saturated 
5010 fine 


Fig. 94 p-o diagram of a pure rubrtance other than тайт, whos colame 
increctes om mailing 


To the left of the saturated solid line is the solid (5) region (Fig. 9.4). Between 
the saturated solid tine and saturated liquid line with respect to solidification 
there exists the solid-liquid mixture (Л + L) region. Berween the two saturated 
liguid lines is the compressed liquid region. The liguid-vapomr mixture region 
{L + V} exists within the vapour dome between the saturated liquid and saturated 
vapour lines. To the пей of the saturated vapour line 15 the vapour region. The 
triple point is а line on the p—v diagram, where all the three phases, solid, liquid 
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and gas, exit in equilibrium. At a pressure below the таре point linc, the 
substance cannot exist in the liquid phase, and the substance, when heated, 
transforms from salid to vaponr (known ns sublimation) by absorbing the lateat 
heat of sublimation from the surroundings. The region below the triple point line 
is, therefore, the solid-vapour (8 + V) mixture region. Table 9.1 gives the пр 
point data for a number of substances. 


Table 9,1  Triple-Point. Data 


Substance Temperature, K Pressure, mm Hg 
Acetylene, Г.Н, 192.4 962 
Ammonia, NH, 195.42 45.58 
Argon, A 33,78 $15.7 
Carbon dioxide, CO, 216.55 3885.1 
Carbon monoxide, CO 68.14 115.14 
Methane, С.Н, 89.88 0.006 
Ethylene, C.H, 164.00 0,9 
Hydrogen, Н, 13.84 52.8 
Methane, CH, 90.67 87.7 
Nitrogen, N, 63.15 94.01 
Oxygen. С 54 35 1.14 
Water, Н-О 273,16 4.587 


Liquid is, most oñen, the working fluid in power cycles, eic. and interest із 
ofen confined to the fiquid-yapour regions only. So to locate the state points, the 
solid regions from Figs 9.3 and 9.4 can be omitted. The р-о diagram then 
becomes as shown in Fig. 9.5. If the vapour at state A is compressed slowly and 
isothermally, Ше pressure will nse until there is saturated vapour at point B. Ifthe 
compression 15 continued, condensation takes place, the pressure remaining 
constant во fong as the temperarnure remains coustant. Ai апу point between B and 
C, the liquid and vapour are in equilibrium. Since a very large increase in pressure 
ts needed to compress the liquid, line СІЗ is almost vertical. ABCD 15 a typical 
isGiherm of a pure substance oa а pv diagram. Some isotherms are shown іп 
Fig. 9.5. Asthe remperature increases, the liquid-vapour transition, as represented 
by BC, decreases, and becomes zero at uie critical point. Below the critical point 
only, there is a liqurd-vapour transition zonc, where a saturated liquid, on heating, 
absorbs the latent heat of vaporization, and becomes saturated vapour at a 
constant pressure and temperature. Similarly, a saturated vapour, on cooling, 
releases the latent heat of condensation at constant pressure and temperature to 
become saturated liquid. Above the entical point, however, a liquid, upon heaung, 
suddenly flashes into vapour, or a vapour, npon cooling, suddenly condenses int 
liquid. There is no distinct transition zone from liquid to vapour and vice versa. 
The isotherm passing through the critical point is called the critica! isotherm, and 
the corresponding temperature is known as the critical temperature {1}. The 
pressure and volume at the critical point are known as the crircaf pressure {р} 
and the critical volume (v,) respectively. For water 
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р. = 221.2 bar 
t, = 374.15°С 


0, = 0.00317 пе 
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Fig. 9.5 Saturation curve on f- diagram 


The critical point data of certain substances are given in Appendix F. Above 
Ше critical point, the isotherms are continuous curves that at large volumes and 
low pressures approach equilateral hyperbolas. 

When a liquid or solid is in equilibrium with its vapour at a given temperature, 
the vapour exerts a pressure that depends only on the temperature (Fig. 9.6). In 
general, the greater the temperature, the higher is the vapour pressure. The 
temperature at which the vapour pressure is equal to 760 mm Hg is called the 
normal boiling point. 


РЫ | _~~ Vapour 
» bue ressure 
Temperatura =” ae 1 р 
ы УЙ 


7*-1—— Solid or liquid 


Fig. 9.6 Vapour pressure 


Phase change occurs at constant pressure and temperature. A pure liquid at a 
given pressure will transform into vapour only at a panicular temperature, known 
as saturation temperature, which ts a function of pressure. Similarly, if the 
temperature is fixed, the liquid will boil (or condense) only at a panicular 
pressure, called the saturation pressure, which is a function of temperature. In 
Fig. 9.7, if p, is the pressure, the corresponding saturation temperature is (7,1), 
or i£ f, is the given temperature, the saturation pressure is (Pa As the pressure 
increases, the saturation temperature increases. Saturation states exist up Io the 
critical point. At point A. the liquid starts boiling, and at point B, the boiling gets 
complered. At A, it is all liquid (saturated) and there is no vapour, while at B, it is 
all vapour (saturated) and there is no liquid. Vapour content progressively 
increases as the liquid changes its state from A towards В. 


284 —— Basic and Applied Thermodynamics 


If u, is Ше specific volume of the saturated наша at a given pressure, and 1), 
the specific volume of the saturated vapour, then (v, — vj) or Ur is the change іп 
specific volume during phase transition (boiling or condensation) at that pressure, 
Аз pressure increases, Dy decreases, and at the critical point p, becomes zero. 


„—— Critical point 


-F [D 


Fig. 9.7 Saturation prexure and temperature 


9.2 р-Г Diagram for a Pure Substance 


The state changes of a pure substance, upon slow healing at different constant 
pressures, are shown on the р-р plane, in Figs 9.2, 9.3, and 9.4, If these state 
changes are plotted on p-T coordinates, the diagram, as shown in Fig. 9.8, will be 
obtained. [f the heating of ice at —10°С to steum at 250°C at the constant pressure 
of | atm is considered, 1—2 is the solid fice) heating, 2-3 is the melting of ice at 
0°С, 3-4 15 the liquid beating, 4-5 15 the vaponzauca of water at 10070, and 
5-6 is the heating in the vapour phase. The process will be reversed from зиме б 
to stale 1 upon cooling. The curve passing through the 2, 3 points is called the 
fusion curve, and the curve passing through the 4, 5 points (which indicate the 
vaporization or condensation at different temperatures and pressures) is called 


7 Curve re 
a Critical point 
a 
i 
Solid | 
Sublimation region „ЖУ Triple `—р- Continuous 
CUIVE = point tine 
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— т 


Fig. 9.8 Phase equilibrium diagram on p-T coordinates 
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the vaporization curve, If the vapour pressure of a solid is measured at different 
temperatures, and these are plotted, the sud/imatian curve will be obtained. The 
fusion curve, the vaporization curve, and the sublimation curve meet at triple 


The slopes of the sublimation and vaporization curves for all substances are 
positive. The slope of the fusion curve for most substances is positive, but for 
water, it is negative. The temperature at which а liquid boils is very sensitive to 
pressure, as indicated by the vaporizatton curve which gives the saturation 
temperatures at different pressures, but the temperature at which a solid melts is 
not such a strong function of pressure, as indicated by the small slope of the 
fusion curve, 

The triple point of water is at 4.58 mm Hg and 273.16 K, whereas that of CO, 
is at 3885 mm He (about 5 atm) and 216.55 K. So when solid CO, ("dry ice’) is 
exposed to | atrn pressure, it gets transformed into vapour directly, absorbing the 
latent heat of sublimation from the surroundings, which gets cooled or ‘refrige- 
rated”. 


9.3 ф-г-І Surface 


The relationships between pressure, specific volume, and temperature сап be 
clearly understood with the aid of a three-dimensional p—v—T surface. Figure 9.9 
illustrates a subslance like water that expands upon freezing and Fig. 9.10 
illustrates substances other than water which contract upon freezing. The 
projections on the p-7 and p—v planes are also shown in these figures. Any point 
on the р-0- Г surface represents an equilibrium stote of the substance. The tiple 
point line when projected to the p- T plane becomes a point. The critical isotherm 
has a point of inflection at the critical point. 


94 IT-s Diagram for а Pure Substance 


The heating of the system of ] ke of ice at -5°C to steam at 250°C is again 
considered, the pressure being maintained constant at 1 atm. The entropy 
increases nf the system in different regimes of heating are given below. 


1. The entropy increase of icc as it is heated from —5^C to 0°C at | atm. (e, 
= 2.093 kJ/kg К). 


= 2.093 In s = 0.0398 kJ/kg К. 


2. The entropy increase of ice as it melts into water at OC (latent heat of 
fusion of ice = 334.96 kJ/kg) 


_ 334.96 
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Fig. 9.9 p-v-T surface and projections for a substance that expands on freezing 
(a) Three-dimensional view (b) Phase diagram (c) p-» diagram 


3. The entropy increase of water as it is heated from O°C to 100°C 
(Cy water = 4.187 ЮКЕ К) 


1, 373 
Азу = ла = cp in > = 4.1871п 2-2. 
iii i AE - 273 
= 1.305 КИК? К 
4. The entropy increase of water as it is vaporized at 100°C, absorbing the 
latent heat of vaporization (2257 kJ/kg) 


As, =35-5,= On = 6.05 КІЛсе K 


5. The entropy increase of vapour as it is heated from 100°C to 250°C at 
| atm 
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Fig. 9.10 p-v-T surface and projections for a substance that contracts on freezing 
(а) Three-dimenstonal view (5) Phase diagram (с) ф-г diagram 


523 
Ass = 56-55 = | c, СТ =2.093 Іп 342. 
a T 373 
= 0.706 kJ/kg K 


assuming the average specific heat of steam in the temperature range of 
100°C to 250°C as 2.093 kJ/kg К. 

These entropy changes are shown іп Fig. 9.11. The curve 1-2-3-4-5-6 is the 
isobar of 1 atm. If, during the heating process, the pressure had beep maintained 
constant at 2 atm, a similar curve would be obtained. The states 2, 3, 4, and 5 are 
saturation states. If these states for different pressures are joined, as in Figs 9.3 
and 9.4, the phase equilibrium diagram of a pure substance on the 7-s coordinates, 
as shown in Fig. 9.12. would be obtained. 
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Fig. 9.11 imbar on Г- plot 
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Fig. 919 Phase equilibrium diagram on T-s coordinates 


Most often, liquid-vapour transformations only are of interest, and Fig. 9.13 
shows the liquid, Ше vapour, and the transition zones only. At a particular 
pressure, s, i$ the specific entropy of sarurated water, and s, ts that of saturated 
vapour. The entropy change of the system during the phase change mom liquid to 
vapour at that pressure is зү, (7.5, — 5j). The value of s, decreases as the pressure 
increases, and becomes zero at the critical point. 


9.5 k-s Diagram or Molier Diagram for a 
Pure Substance 


From the first and second laws of thermodynamics, the following property 
relation was oblained. 
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Fig. 9.13 Saturation (or vapour) dome for mater 
Tds = dh - vdp 
or (S =T (9.1) 
д» |, 


This equation forms the basis of the 4—5 diagram of a pure substance, also 
called the Mollier diagram. The slope of an isobar on the A-s coordinates is equal 
to the absolute saturation temperature (t, + 273) at that pressure. If the 
temperature remains constant the slope will mam consiam. if the temperature 
increases, the slope of the Lobar will increase. 

Consider the heating of a system of ice at — 5°C to steam at 250°C, the pressure 
being maintained constant at 1 atm. The slope of the isobar of Т atm оп the 8-4 
coordinates (Fig. 9.14) first increases as the temperature of the ice increases from 
—5°С to OPC (1—2). 115 slope then remains constant as ісе melis info water at the 
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Fig. 9.19 fsobars on А-г plot 
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constant Lemperature of O°C (2-3). The slope of the isobar again increases às the 
temperature of water rises [rom ОС го 100°C (3-4), The slope again remains 
constant as water vaporizes into steam at ihe constani temperature of 100°C 
(4-5). Finally, the slope of the isobar continues to increase as Lhe temperature of 
steam increases to 250°C (5-6) and beyond. Similarly, the tsobars of different 
pressures can be drawn on the A-s diagram as shown in Figs 9.14 and 9.15. States 
2. 3, 4, and 5 are saturation states. Figure 9.15 shows the phase equilibrium 
diagram of a pure substance on the A-s coordinates, indicating the saturated solid 
line, saturated liquid lines and saturated vaponr line, the vanous phases, and the 
transition (mixture) zones. 
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Fig. 9.15 Phase equilibrium diagram an h-s coordinates (Molier diagram) 


Figure 9,16 is the A-s or the Mollier diagram indicating only the liquid and 
vapour phases. As the pressure increases, the saturation temperature increases, 
and so the slope of the isobar also increases. Hence, rhe constant pressure lines 
diverge from one another, and the critical isobar 15 a tangent at the critical point, 
as shown. In the vapour region, the states of equal slopes at various pressures are 
joined by lines, as shown, which are the constant temperature lines. Although 
the slope of an isobar remains continuous beyond the saturated vapour line, the 
isotherm bends towards the righi and its slope decreases asymptotically to zero, 
because in the ideal gas region it becomes honzontal and the constant enthalpy 


мпрізеѕ constant temperature. (5° = Р+а op =f- of 57 ‚ by 
ds Л ds 4 до 3 


Maxwells relation, chapter ti. For an ideal gas. EJ - r-o1. = 0. Рог Г=с, 
S jr v 


5-сі Ага parucuiar pressure, A; is the specific enthalpy of saturated water, A, is 
that of saturated vapour, and fy, {= 5, – As) is the latent heat of vaporization at 
that pressure. As the pressure increases Лү, decreases, and al the critical pressure, 
hy, becomes zero. 
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Fig. 9.16 — Enzhaity-entrofty diagram of water 


9.6 Quality or Dryness Fraction 


If in ] kp of liquid-vapour mixture, x kg is the mass of vapour and (1 —х} Кр is the 
mass of liquid, then x is known as the шағу or dryness fraction of the liquid- 
vapour mixture. Therefore, quality indicates the mass fraction of vapours in n 
liquid vapour mixture, or 


— m, 

m, +m, 
where ні, and m, are the masses of vapour and liquid respectively in the mixture. 
The value of x Vanes between О and 1. For saturated water, when water jusi starts 
boiling, x = 0, and for saturated vapour, when vaporization is complete, x= 1, for 
which the vapour is said to be dry saturated. 

Points m in Fig. 9.17 (a), (b), and (c) indicate thc saturated liquid states with x 
= 0. and poing n indicate the saturated vapour states with x = 1, the lines тл 
mdicaüng ihe transition from liquid to vapour, Points а, В, and c at various 
pressures indicate the sitwalions when the masses of vapour reached 25%, 50%, 
and 75% of the total mass, i.e. 21 poinis a, the mass of liquid is 75% and the mass 
of vapour is 25% of the total mass, at point b, the mixcure consists of 50% quid 
and 50% vapour by mass, and at points c, the mixture consists of 75% vapour and 
25% liquid by mass. The lines passing through points a. b and c are the constant 
quality lines of 0.25, 0.50, and 0.75 respectively. Constant quality lines stan 
from the critical point. 

Let V be the total volume of a liquid vapour mixture of quality x, Уфе volume 
of the saturated liquid, and У, the volume of the saturated vapour, the 
corresponding messes being nt, my and m, respectively. 

Now m = mpm, 
отн] УЕМНИ, 
MY = т Up т, 0, 
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= (т – т.) Vrt m, v, 


т т 
г-|1---Е jut —v, 
т т 


p=į{l- ү) Urt XV, (9.2) 


m 
where x = — , v, = specific volume of saturated liquid, v, = specific volume of 
Fi 


saturated vapour, and v = specific volume of the mixture of quality x. 
Similarly 


s — (1-5) set xs, (9.3) 
A= (1 —x) h+ уй, (9.4) 
u-(l-x)upt xu, (9.5) 


wheres, А, and и refer to the mixture of quality x, the suffix / and suffix g indicate 
the conditions of saturated liquid and saturated vapour respectively. 
From Eq. (9.2) 
v = (1 ~Y) Dy tx 6, 
7 Up 0, — ор) 
= Uy Tr, Dig 
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or U= Det IU, (9.6) 
Similarly 
h= het x he (9.7) 
SS StI 54 (9.8) 
Mc po Id (9.9) 
However, Р prt x р. 
Volume fraction of vapour or voidage, a = v/v 
m = т: т, 
p = prop ра = Р-р; 
р = (1 – а)р;+ ap, (9.0а} 


9.7 Steam Tables 


The properties of water are arranged ш the steam іа Мес as functions of pressure 
and temperature. Separaic tables are provided to give the properties of water in 
the saturation states and in the liquid and vapour phases. The interna! energy of 
saturated water at the triple point (t = 0.01? C) is arbitrarily chosen to be zero. 
Since A = и + pv, the enthalpy of saturated water at 0.01°C is slightly positive 
because of the sinall value of (po) term. The entropy of saturated water is also 
chosen to be zero at the triple point. 


9.7.1 Saturation States 


When a liquid and its vapour аге in equilibrium at a certain pressure and 
temperature, only the pressure or the temperature is sulTicient to identify Ше 
saturation state. If the pressure is given, the temperature ofthe mixture gets fixed, 
which is known as the saturation temperature, or if the temperature is given, the 
saturation pressure gets fixed. Saturated liquid or the saturated vapour has only 
one independent variable, i.e. only one property js requiret 10 be known to fix up 
the state. Tables А. Ка} and A.1(b) in the appendix give the properties of saturat- 
ed liquid and saturated vapour. In Table A.l(a) the independent variable is 
temperature. At a particular temperature, the values of saturation pressure p, and 
Vp Ug, fy, Яр. Ag, 5p and s, are given, where 0. Ay, and 5; refer to the saturated 
liquid states; v,, ^, and s, refer to the saturated vapour state; and De. Ар, and Sre 
refer to the changes in the property values during ?vaporation (or condensation) 
at that temperature, where v; = v, — Pr and зр 75, — Sp 

In Table A. 1 (b), the independent variable is pressure. At a particular pressure, 
the values of saturation lemperature t, and vy, Uy, Ay. Я. Ag, 3p and s, are given. 
Depending upon whether the pressure or the temperature is given, either Table 
À.1(a) оғ Table A.1(b) can be conveniently used for computing the properties of 
saturation states. 

If data are required for intermediate temperatures ot pressures, finear 
interpolation is normally accurote. The reason for the two tables is to reduce the 
amount of interpolation required. 
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9,72 Liguid-capour Mixtures 


Let us consider a mixture of saturated Hquid water and water vapour in 
equilibrium at pressure р and temperature 1. The composition of the mixture by 
mass will be given by its quality x, and tts state will be withia the vapour dome 
(Fig. 9.18). The properties of the mixiure аге as given in Article 9.6, і.е. 


[^ = Urt IVi 
H=urtr Hf, 
^ =й,+т һы 
5 —Ss trs 


Where Dy, Dip Ug, Hig Ap hg, Sp and 5, are the saturation properties at the given 
pressure and temperature. 


Fig. 9.18 Property fn two lare region 


Гр or f and the quality of the mixture are given, the properties of the mixture 
(7, и, А, and s) can be evaluated from the above equations. Sometimes, instead of 
qualiry, one of the above properties, say, specific volume v, and pressure or 
temperature are given. [n that cage, the quality of the mixture x has to be 
calculated from the given г and p or and then x being known, other properies 
are evaluated. 


9.7.3 Superheated Vapour 


When the temperature of the vapour is greater than the saturation temperature 
corresponding to the given pressure, the vapour is satd to be superheated (state | 
in Fig. 9,19), The difference between the temperature of the superheated vaponr 
and the saturation temperature at that pressure is called the superkear or the 
degree of superheat. As shown in Fig. 9.19, the di[ference (4) — fa) 1$ the 
superheat. 

In a superheated vapour at a given pressure, the temperature may have different 
values greater than the saturalion temperature. Table 4.2 in the appendix gives 
the values of the properties (volume, enthalpy, and entropy) of superheated vapour 
for each tabulated pair of values of pressure and temperature, both of which are 
now independent. Interpolation or extrapolation is to be used for pairs of values 
of pressure and temperature not given. 
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Fig. 9.19 Superheroi апа iubeoling 


9,2,4 Compressed Liquid 


When the temperature of a liquid is less than the saturation temperature at the 
given pressure, the liquid is called compressed Higuid (state 2 in Fig. 9.19), The 
pressure and temperature of compressed liquid may vary independently, and a 
table of properties like the saperheated vapour table could be arranged to give the 
properties at апу р and t. However, the properties of liquids vary little with 
pressure. Hence the properties are taken from the saturation tables at the 
temperature of the compressed liquid. When a liqnid is cooled below its saturation 
temperature at a certain pressure it 15 said to be subeooled. The difference in 
saturation temperature and the actual liquid temperature is known as the degree 
of subcooling, or simply, subcooling (Fig. 9.17). 


9,8 Charts of Thermodynamic Properties 


The preseniation of properties of substances in the form of è chart has certain 
obvious advantages. The manner of variation of properties is clearly demonstrated 
іп the chart and there is no problem of interpolation. However, the precision is not 
as much as in steam tables. 

The temperature-entropy plot and enthalpsy-entropy plot (Fig. 9.20а) are 
eommonly used. The temperature-entropy plot shows the vapour dome and the 
lines of constant pressure, constant volume, constant enthalpy. constant quality, 
and constant superheat. However, its scale is smali and limiied in use. The 
enthalpy-entropy plot or Mollier chart, has a larger scale to provide data suitable 
for many computations. Tt contains the same data as does the 7—s chart. The 
Mollier chart for water is given іп Appendix F.I. The Motlier diagram for steam 
with data taken from Keenan et al. Steam Tables (John Willey, М. Y., 1969 is 
given in Fig. 9.21.) 


9.9 Measurement of Steam Quality 


The state of a pure substance gets fixed i£ two independent properties are given. А 
pure substance is thus said to have two degrees of freedom. Of all thermodynamic 
properties, il is easiest 10 measure the pressure and tempcrature of a substanee. 
Therefore, whenever pressure and temperature are independent properties, it is 
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Fig. 9.20 (6) Constant property finer on Mollier diagram 


the practice to measure them to determine that state of the substance. This is done 
in the compressed liquid region or the superheated vapour region (Fig. 9.22), 
where the measured values of pressure and temperature would fix up tho state. 
But when the substance js in the saturation state or two-phase region (Fig. 9.22), 
the measured values of pressure and temperature could apply equally well to 
saturated liquid point У, saturated vapour point р, or to mixtures of any quality, 
points x,, x4 ar x4. Of the two preperues, p and г, only one 18 independent; the 
other is a dependent property. If pressure 15 given, ihe saturation temperature gets 
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Fig. 9.21 Mollier diagram for steam (Data taken from Keenan, J.H., Р.С. Keyes, 
P.C. Hill and Ге. Moore, Steam Tables, John Wiley, N.Y., 1969) 


automatically fixed for the substance. In order to fix up the state of the mixture, 
apart from either pressure or temperature, one more property, such as specific 
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——= б 


Fig. 822 Quality of liguid-vapour mixture 


volume, enthalpy or composition of the mixture (quality) is required to be known. 
Since it is relatively difficult to measure the specific volume of a mixture, devices 
such as calorimeters are used for determining the quality or the enthalpy of the 
muxture. 

In the measurement of quality, Lhe object is always io bring the state of the 
substance from the two-phase region to the stogle-phase or superheated region, 
where both pressure and temperature are independent, and measured to fix the 
state, either by adiabatic throttling or electric heating. 

In the throttling calorimeter, a sample af wet steam of mass m and at pressure 
ру is taken from the steam main through a perforated sampling tube (Fig. 9.23). 
Then it is throttled by the partially-opened vaive (or orifice) lo a pressure p», 
measured by mercury manometer, arid temperature f, so that after throttling the 
steam 15 in the superheated region. The process is shown on the 7—s and Avs 


aleam main 


— Sampling tube 
К 


insulation 


Mercury 
manometer 


C.Vr. out 


— — Candenser 


Cooilng water in 


Condensate out 
Fig. 9.23  Throilling calorimeter 
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(a) ibi 


Fig. 9.24 Thraiding process on Гоз and h-s plos 


diagrams in Fig, 9.24, The steady flow energy equation gives the enthalpy after 
ihrodling as equal to enthalpy before throttling. The initial and final equilibrium 
states | and 2 are joined by a dotted line since throttling 15 irreversible (adtabatic 
but not isentropic) and the intermediate states are non-equilibrium states not 
describable by thermodynamic coordinates. Tbe initial state (wet) is given Бур, 
and ху, and the final slate by p; and г, (superheated), Now 


since Ау = hy 
hey + Zihi = 02 
h-h 
ог х = —- 
Arp! 


With р, and 7. being known, 4, сап be found ош from the superheated steam 
table. The values of Я; and h, are taken from the saturated steam lahle 
corresponding to pressure p,. Therefore, the quality of the wet steam x, can be 
ealculatex, 

To be sure that steam aller throttling 15 in the single-phase or superheaied 
region, ainigimum of 5°C superheat is desired. So if the pressure afer throttling 
is given and the miaimum $°C superheat is prescribed, then there is the minimum 
quality of steam (ar the maximum moisture content) at the given pressure pi 
which сап be measured by the throttling calorimeter. For example, ifp; = 1 atm., 
then £, = 105°C and the state 2 after throttling gets fixed as shown in Fig. 9.25. 
From state 2, the constant enthalpy liue intersects the constant pressure p, line at 
1, Therefore, the quality x, is the minimum quality that can be measured simply 
by throttling. If the quality is, say, x, less than хі, then after tbrotüling to р, = 1 
atm., the superheat after throttling 18 less thau 5°C. If the quality is x^, then 
Іһгей іле to } atm. does not give any superheat at all. 

When the steam is very wet and the pressure after throtling 15 not low enough 
to take the steam to the superheated region, then а combined separating and 
throttling calorimeter is used for the measurement of quality. Steam from the 
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Fig. 9.25 Minimum quality thai can be measured only by throttling 


main is first passed through a separator (Fig. 9.26), where some part of the 
moisture separates out due to the sudden change in direction and falls by gravity. 
and the partially dry vapour is then throttled and taken to the superheated region. 
In Fig. 9.27, process 1—2 represents the moisture separation from the wet sample 
of steam at constant pressure p, and process 2-3 represents throttling to pressure 
ру. With p, and t; being measured, ^, can be found out from the superheated 
steam table. 


Now, 
iy = я» = Як) + Tah fon) 
22 ір valve Throttling valve — Thermometer 
ie, mt И / 
Үр Іі xx T 4) рі Insulation 
ғ ] 
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\ --- 1 в b 
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Fig. 9.26 Separating and throttling calorimeter 


Therefore, x+, the quality of steam after partial moisture separation, can be 
evaluated. If m kg of steam is taken through the sampling tube in t secs, m, kg of 
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Critical point 


Fig. 9.27 Separating and throttling processes on h-s plot 


it is separated, and m, kg is throtiled and then condensed to water and collected, 
then m =m, + my, and аі state 2, the mass of dry vapour will Бел, т. Therefore, 
the quality of the sample of steam at state ], x, 15 given by 


= mass of dry vapour at slate 1 
| mass of liquid- vapour mixture at state 1 
ee? ie: 
т + Ma 

The quality of wet steam сап also be measured by an electrice calorimeter 
(Fig. 9.28). The sample of steam is passed in steady flow through an electric 
heater, as shown. The electrical energy input О should be sufficient to take the 
steam to the superheated region where pressure р. and temperature 7, are 
measured. If / is the current flowing through the heater in amperes and F i5 the 
voltage across the coil, then at steady state О = FI x 10? kW. If m is the mass of 
steam taken іп / seconds under steady flow condition, then the steady flow energy 
equation for the heater (as control volume) gives 


Sampling tube С.5. 

eS a sre | 
5 Ж 1 1)! anc D (2) | h Insulation 
: 23 i te gaz 4 F^ 
Ет: m n. : —7 dx кла T x xs 
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Fig. 9,28 — Electrical calorimeter 
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wA +0 = в й; 
where w, is the steam flow rate іп kgs c = = kg/s) 
ht =h 
"i 


With &,, О and w, being known, 4, can be computed. Now 
В = hg Хы 
Hence x, can be evnluated. 


SOLVED EXAMPLES 


Example 9.1 Find the saturation temperature, the changes in specific volume 
and entropy during evaporation, and the latent heat of vaporization of steam at 
1 MPa. 
Solution | At | MPa, from Table A.1(b) in the Appendix 

ы = 179.91°С 

v; = 0.001127 mi/kg ANS. 

v, = 0.19444 m"/kg 
^ Ug 7 9, - 0; = 0.1933 т 

4. = 2.1387 kJ/kg К 

S, = 6.5865 kJ/kg К. 

Fig = Sp - 5p = 4.4478 kJ/kg K Ans. 
Ay, = &, — hp 2015.3 М Ans. 


Example 9.2 Saturated steam has an entropy of 6.76 kJ/kg К. What are its 
pressure, temperature, specific volume, and enthalpy? 
Solution In Table A.1(b), when s, = 6.76 kJ/kg K 

р=0.6 MPa, :2158.85?C 

p, = 0.3156 ш/а, and л, = 2756.8 kJ/kg Ans. 


Example 9.3 Find ihe enthalpy and entropy of sleam when the pressure 15 
2 MPa and the specific volume is 0.09 m’/kg. 

Solution In Table A.1(b), when p = 2 MPa, v; = 0.001177 тр and v, = 
0.09963 пу Лхр. Since the given volume lies between v; and ә, the substance will 
be a mixture of liquid and vapour, aad the state will be within the vapour dome. 
When in the two-phase region, the composition of the mixture or its quality has to 
be evaluated first. Now 

DEV tx т, 
0.09 = 0.001177 + x (0.09963 — 0.001177) 
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or х = 0.904 оғ 90.4% 
At 2 MPa, Ap = 908.79 and Are = 1890.7 kJ/kg 
gp = 2.4474 and 5% = 3.8935 kJ/kg K 
А- А+ Xr Ar 
= 908.79 + 0.904 x 1890.7 = 2618.79 kJ/kg Ans. 
SES tX Sg 
= 2,4474 + 0.904 x 3,8935 
= 5.9534 kT/kg К Ans. 


Example 94 Find the enthalpy, entropy, and volume of steam at 1.4 MPa, 
380°C, 
Solution Аїр = 1.4 MPa, in Table A.1(b), г, = 195.07°C. Therefore, the state 
of steam must be in the superheated region. In Table A.2, for properties of 
superheated steam, 
at 1.4 MPa, 350°C v = 0.2003 m^/kg 

й = 3149,5 Ир 

s = 7.1360 ki/kp К 
and at 1.4 MPa, 400°С о = 0.2178 mkg 

й = 3257.5 КЛИП 

5 = 7.3026 Ир K 


7. By interpolation 
at 1.4 MPa, 3800 | 20.2108 ткр 
А = 3214.3 Ла 
s = 7.2360 kJ/kg K dns. 


Example 9.5 А vessel of volume 0.04 m^ contains a mixture of saturated water 
and saturated steam at a temperature of 250°C. The mass of the liquid present is 
9 kg. Find the pressure, the mags, the specific volume, the enthalpy, the entropy, 
and the internal energy. 
Solution From Table А. 1а}, al 250°C Ра = 3.973 MPa 

v, = 0.0012512 п/р, v, = 0.05013 mkg 

h= 1085.36 kJ/kg А = 1716.2 kJ/kg 

s= 2.7927 kJ/kg К, $4, = 3.2802 kJ/kg K 


Volume of liquid, V, — тұт) 
= 9 ж 0.0012512 
= 0.01126 т’ 

Volume of vapour, F. = 0.04 — 0.01126 
= 0.02874 m^ 

^. Mass of vapour 


" 
Ta 0.02874 ARR 
Ue 


— 0.05013 
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<^ Total mass of mixture, 


Quality of mixture, 


Also, at 250°C, 


m mo m, = 9 + 0.575 = 9.575 kg 


m 
r= LOB 20955 = 0.065 
тт. 9.575 
V = Drt x, 


= 0,0012512 + 0.06 (0.05013 — 0.0012512) 
= 0.00418 m?/kg 
ho hp Ih, 
= [085.36 + 0.06 x 1716.2 
= 1188.32 kJ/kg 
55 15 
= 2.7927 + 0.06 x 3.2802 
= 2.9895 kJ/kg К. 
н-й-рп 
= 1188.32 — 3.973 x 10) x 0.00418 
= 1171.72 kI/kg 
up = 1080.39 and ш, = 1522.0 kJ/kg 


Hc XI 


= 1080.39 + 0.06 x 1522 
= 1071.71 kJ/kg 


Ans. 


Ans. 


Ans. 


Ars. 


Example 96 Steam initially at 0.3 MPa, 250°C is cooled at constant volume. 
(а) At what temperature will the steam become saturated vapour? (b) What is the 
quality at 80°C? What is the heat transferred per kg of steam in cooling from 


250°C to 80°С? 


Solution | At 0.3 MPa, 4,7 133.55°C 


Since ¢ > 4ш, the state would be in the superheated region (Fig. Ex. 9.6). From 
Table A.2, for properties of supcrheated steam, at 0.3 MPa, 250°C 


г = 0.7964 тр 
А = 2967.6 КИКБ 


Properties of Pare Subitancer === 305 


г. v, =U; = 0, = 0.7964 т?р 
. In Table A. | 


when v, = 0.8919, 1,,, = 120°C 

when и; = 0.7706, fha = 125°C 
Therefore, when 2, = 0.7964, tyn by linear interpolation, would be 123.9°. 
Steam would become saturated vapour at t= 123,99С Ans. (a) 


At 80°C, о; = 0.001029 m`/kg, v, = 3.407 пр, 
Аг = 334.91 kYkg, Ap, = 2308.8 kJ/kg, py, = 47.39 kPa 
v, =v, = 0.7964 mg = Ugre T XV асер 
= 0.001029 + x4 (3.407 - 0.001029) 
z, = 0.79539 
3.40597 
A, = 334.91 + 0.234 x 2308.8 = 875.9 kJ/kg 
A, = 2967.6 kJ/kg 
From the first law of thermodynamics 
dQ = du + pdv 
(0), = du 
от Qi; = u5 — Hy 7 (Hy 7 Py 05) - (Ay — p, v) 
= (hz - А) + vip, - py) 
= 875,0 — 2967.6} + 0.7964 (300 — 47.39) 
= 2091.7 + 201.5 
= - 1890.2 kJ/kg Ang, (c) 


Example 9.7 Steam initially at 1.5 MPa, 300°C expands reversibly and. 
adiabatically in a steam turbine to 40°C. Determine the ideal work output of the 
turbine per kg of steam. 


= 0.234 Ата. (b) 


Solution The steady flow energy equation for the contro! volume, as shown in 
Fig. Ex. 9.7.1, gives (other energy terms being neglected) 

h, ш 8, + № 

W- kh, == As 
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Work is done by steam at the expense of fal in its enthalpy value, The process 
is reversible and adiabatic, so it is isentropic. The process is shown on the 7-5 
and A-s diagrams in Fig. Ех, 9.7.2. | 

From Table А. [(а), at 40°С 

Da, = 7.384 kPa, уг = 0.5725, and sq, = 7.6845 kJ/kg К 
Я; = 167,57, and Яғ, = 2406.7 Юр 

Atp= 1.5 MPa, г = 300°C, from the tabulated propesties of superheated steam 

{Table A.2) 


y, = 6.9189 kJ/kg K 
h, = 3037.6 kJ/kg 


Fig. Ex. 9.7.2 


Since $1755 
6.9189 = apt т тр ТЫ 

= 0.5725 +x, x 7.6845 

x= EE = 0,826 or 82.6% 

Ay = hare + X; gae c 
= 167.57 + 0.826 x 2406.7 
= 2152.57 kJ/kg 

F = hi – h, = 3037.6 – 2152.57 
= 885.03 Ыр Ans, 


Example 9.8 Steam at 0.8 MPa, 250°C and flowing at the rate of 1 kg/s passes 
into а pipe carrying wet steam at 0.8 MPa, 0.95 dry. After adiabatic mixing the 
flow rate is 2.3 kg/s. Determine the condition of steam after mixing. 

The mixture is now expanded іп а Mnctionless nozzle isentropically to a 
pressure of 0,4 MPa Delermine the velocity of the steam leaving the nozzle. 
Neglect the velocitv of steam in the pipeline. 


Solution .Figure Ех. 9.8.1 grves the (low diagram. 
Wa = W3 — W] =73-10=1.3 kg/s 
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p, = 0.8 MPa 
ЖЕРЛЕ Q 
= 1 Каа м 
—. 
ы. 


p |—- a ——- ТД 
i они 
pa 0.8 МРа у. © ту = 2.3 Круз p, = 0.4 MPa 
x, = 0.95 
EET 
Fig. Ex. 9.8.1 


The energy equation for the adiabatic mixing of the two streams gives 
wi RA + wh №, А5 (9.8.1) 
At 0.8 MPa, 250°C, A, = 2950.0 Кр 
At 0.8 MPa, 0.95 dry 
hy = hy + 0.95 А, 
= 721.11+ 0.95 x 2048.0 


= 2666.71 kJ/kg 
г. From Eq. (9.8.1) 

1х 2950 + 1.3 x 2666.71 22.3 xh, 
B h, = 2790 kJ/kg 
Since (Aves ме, = 2769.1 КУКЕ 


and Я, > A,, the state must be in the superheated region. From the steam tables, 
when p = 0.8 MPa, t — 200°C 
ћ = 2839.3 kJ/kg 
When P 
= 0.8 MPa, г, = 170.43°C 


"см 
h, = 2769.1 kJ/kg 
By linear interpalation 
htc 179°C 
^. Degree of superheat = 179 — 170.33 = 8.47°C 
^. Condition of steam afler mixing = 0.8 MPa, 179°C Ans. 
The energy equation for the nozzle gives 
pa MA 
hy =A,t 2 
since V, = — velocity of steam in the pipeline = 0 
Steam expands isentropically in the nozzle to 0.4 MPa. By interpolation, 
84 = 6.7087 КЕК = s, 
^ 6.7087 = 1.7766 + x, x 5.1193 
x,7 0.964 
А, = 604.74 + 0.964 x 2133.8 = 2660 КЕБ 
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Vix 10° =2 (hy —-h)-2x130- 260 


V, = 426 x 100 = 509.9 m/s Ans. 
The processes are shown on the А5 and T—s diagrams in Fig. Ex. 9.8.2. 


Fig. Ex. 9.8.2 


Example 9.9 Steam flows in a pipeline at 1.5 MPa. Afier expanding to 
' 0.1 MPa in a throttling calorimeter, the temperature is found to be [20°C. Find 
the quality of steam in the pipeline. What is the maximum moisture at 1.5 MPa 
that can be determined with this set-up if at least 5°C of superheat is required 
after ihrotiling for accurate readings? : 


Solwion At slate 2 (Fig. Ех 99), when р = 0.1 MPa, ¢ = 120°C Бу inter- 
polation 


h, = 2716.2 kJ/kg, and at p = 1.5 MPa 
Ay = 844.89 and hy, = 1947.3 kT/kg 


Now Ay = Is 
ог An 5ыға Хуй дыр = 72 
844.89 t x, X 1947.3 = 2716.2 
x7 18713 = 0.963 Ans. 
1947,3 


When p = 0.1 MPa and t = 99.63 + 5 = 104.63°C 


Maa 
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\ h, = 2685.5 kJ/kg 
Since hy = Ay 
2685.5 = 844.89 + x, x 1947.5 
= 18506 . 0.948 
1947.3 
The maximum moisture that can be determined with this set-up is only 5.2%. 
Ans, 


Ха 


Example 9,10 The following data were obtained with а separating and 

throttling calorimeter: 
Pressure in pipeline 1.5 MPa 
Condition after throttling 0.1 MPa, 110°С 
During 5 min moisture collected іп the separator — 0.150 litre at 70°C 
Steam condensed after throttling durmg 5 mun 3,24 ke 
Find the qnality of steam io the pipeline 

Solution As shown in Fig, Ex. 9.10, 

210.1 MPa, 110°C А; = 2696.2 kI/kg 

Now һу = Ay = Ag хмрь + XH sum. 

or 2696.2 = 844,89 + x, x 1947.3 


Fig. Ex. 9.10 
x, = 1853131 Loss 
? 19473 —— 


If m, = mass of moisture collected in separator іп 5 min and m; = mass of 
steam condeosed after throttling in 5 min. 


then X = vm. 
m + л) 
At 70°С, 0; = 0.001023 тр 
150x107 т? 
m 


1023 x 10? m? /kg 
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= 0.1462 kg 
т, = 3.24 kg 
xu ОЯЗ _ 3d 0515 Ans. 


0.1462 + 3.24 3.3862 


Example 9.11 А steam boiler initially contains 5 m? of steam and 5 m? of 
water at | MPa, Steam is taken out at constant pressure until 4 m? of water is left. 
What is the heat transferred dunng the process? 
Solution At 1 MPa, 

Ur = 0.001127, and v, = 0.1944 т/а 

A, = 2778.1 kJ/kg 


up = 761.68, и, = 2583.6 kJ/kg 


ur, = 1822 kJ/kg 
The initial mass of saturated water and steam in the bailer (Fig. Ex. 9.11). 
Р и, 5 5 
О nia 3 
v, v, 0000127 01944 ($45 x 10° + 25.70)kg 


мат? 


Fig. Ex, 9,11 


where suffix f refers to saturated water and suffix g refers to saturated vapour. 
Final mass of saturated water and steam 
= _ 4 + б 
0.000127 01944 
“ Mass of steam taken out of the boiler (т,) 
= (4.45 x 10° + 25.70) - (3.55 x 10° + 30.80) 
= 0.90 x 10) - 5.1 = 894.9 kg 
Making an energy balance, we have: Initial energy stored in saturated water 


and steam + Heat transferred from the external source = Final energy stored in 
saturated water and steam + Energy leaving with the steam. 


or + O= Ut m, b, 


= (3.55 x 10°  30.80)kg 
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assuming that the steam taken out is dry (x = 1) 
or 4.45 x MP x 761.68 + 25.70 x 2583.6 + Q 
= 3,55 x HY x 761.68 + 30.8 x 2583.6 + 894.9 x 2778.1 
ог 0= 894.9 х 2778.1 — (0.90 x 107) x 761.68 5.1 x 2583.6 
= 2425000 — 685500 + 13176 
= 1752,676 kJ = 1752.676 М] Ans. 


Example 9.12 A 280 mm diameter cylinder fitted with a fncrioniess leakproof 
piston contains 0.02 kg of steam at a pressure of 0.6 MPa and е temperature of 
200°C. As the piston moves slowly outwards through a distance of 305 mun, the 
steam undergoes a Fully-resisted expansion during which the steam pressure p 
and the sieam volume F are related by pV" = constant, where n is a constant. The 
final pressure of ihe steam 15 0.12 MPa. Determine (a) the value оҒн, (b) the work 
done by the steam, and (c) the magnitude and sign of heat transfer. 


Solution Since the path of expansion (Fig. Ex. 9.12) follows ihe equation 


e p 


Fig. Ек. 9.12 


Taking loganthms and arranging the terms 


Now, at 0.7 MPa, 200°C, from Tables A.2 
и, = 0.352 m'/kg 
A, = 2850.1 kJ/kg 
г. Total volume, F}, at state 1 = 0.352 x 0.02 = 0.00704 m 


Displaced volume = t d^ г 
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= 2. x (0.28)? x 0.305 


= 0.0188 т? | 
^. Total volume F, after expansion = 0.0188 + 0.00704 = 0.02584 or 
0.6 
log —— 
А 042 . logs _ 
н 002581 = 108 368 1.24 Ans, (а) 
0.00704 
Work done by steam in ihe expansion process 

F =- pF 

W..= у ах = Pr 2-2 
1-2 P "m 


- 6X10" N/m? x 0.00704 m^ — 1.2 x 10° N/m* x 0.02584 m^ 
124-1 
_ 4224 - 3100.8 


Nm 
0.24 
= 4680 М m = 4.68 kJ Ans, (b) 


Now У, = 0.02584 m 
D о, = 9.02584. _ | 292 mg 


0,02 
Again U; = Um tampa T X2 Бұр 11Мға 
or 1.2902 = 0.0010476 + x, x 1.4271 
1.291 
х= дал = 0.906 

At 0.12 MPa, и; = 439.3 kJ/kg, ме 2512.0 kJ/kg 
2, ыз = 439.3 + 0.906 (2512 - 439.3) 

= 2314.3 Лр 
Again k, = 2850.1 kJ/kg 


6 -3 
и =h - pj = 2850.1 6310 x 000704 x10 
= 2850.1 —211.2 = 2638.9 kJ/kg 
By the first law 
Qy;-U;- U t Fiz 
=m (u; u) + Ws 
= 9.02 {2314.3 — 2638.5} + 4.68 
= - 6.484 + 4.68 =- 1.304 kJ Ans. (c) 


Example 9.13 A large insulated vessel is divided into two chambers, one 
containing 5 kg of dry saturated steam at 0.2 MPa and the other 10 kg of sieam, 
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0.8 quality at 0.5 MPa. If the partition between the chambers is removed and the 
gi&am is mixed thoroughly and allowed шю settle, find the final pressure, steam 
quality, and entropy change in the process. 
Solution The vessel is divided into chambers, as shown in Fig, Ex. 9.13.1. 
At 0.2 MPa, v, = V; = 0.8857 ш/а 
" И m =5 x 0.8857 
= 4.4285 m 


Fig. Ex. 9.13.1 


At 0,5 MPa, Da = Upt хур 
= 0.001093 + 0.8 x 0.3749 
= 0.30101 пр 
^ V,-m,U,- 10 x 0.30101 = 3.0101 ш? 
>. Total volume, и = И + У 7.386 m (of mixture) 
Total mass of mixture, m,, = nm, +m, =5 + 102 15 kg 
^. Specific volume of mixture 


о = № < 7.4386 
м 15 
= 0.496 mAg 
By energy balance 
FH, oy + т; lig = ті Hy 
At 0.2 MPa, k, = hy = 2706.7 W/kg 
иу = А; — руп = 2706.7 W/kg 
Át 0.5 MPa, Ay = Apt x2 Ag 
= 640,23 + 0.8 x 2108.5 ‘ 
= 2327.03 kJ/kg 


иу = Ay — p, Uy = һу = 2327.03 КІЛш 
h =h 5х 2706.7 +10 x 2327.03 
Л ama 
15 
к. = 2453.6 kJ/kg = wy 
Now for the mixture 
A; = 2453.6 kJ/kg = и; 
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v, = 0.496 m'kg 
From the Mollier diagram, with the given valves of A and v, point 3 afier 
mixing is fixed (Fig. Ex. 9.13.2). 
x, = 0.870 Ans. 
S, = 6.29 kJ/kg K 


V4 = 0.496 mkg 
рз = 3.5 bar 


0.5 MPa 


0.2 MPa 


Fig. Ex. 9.13.2 


Ра = 3,5 bar Ans. 
54 — Set. Pa = 7.1271 kJ/kg K 
53 = 5 spa + 0.8510 ара 
= 1.8607 + 0.8 x 4.9606 = 5.8292 К K 
Елігору change йиппр the process 
= туту — (ту Si + sy) 
= 15 x 6.298 —(5x 7.1271 + 10 x 5.8292) 
= 0.43 Мо Ans. 


Example 9.14 Steam generated at a pressure of 6 MPa and a temperature of 
400°C is supplied io а turbine via a throttle valve which reduces the pressure to 
5 MPa. Expansion in the turbine is adiabatic to a pressure of 0.2 MPa, the 
isentropic efficiency (actual enthalpy drop/isentropic enthalpy drop) being 82%. 
The surroundings are et 0.1 MPa, 20°С, Determine the availability of steam 
before and afer the throttle valve and at the turbine exhaust, and calculate the 
specific work output from the turbine. The К.Е. and Р.Е. changes are negligibie. 
Solution Steady Полу availability W is given by 


и) D 59) VER - 20) 


where subscript 0 refers to the surroundings, Since the К.Е. and Р.Е. changes are 
negligible 
y, = Availability of steam before throttling 
= (h; — Ag) — Tels) — 59) 
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At 6 MPa, 400°C (Fig. Ex. 9.14) 
Ay = 3177.2 kJ/kg 
5, = 6.5408 kJ/kg К 


6 MPa, 400°C 


5 MPa 2—— Throtle valve 


Sleam 
turbine 
0.2 MPa 
із! ibi 
Fig. Ex. 9.14 
At 20°С 
А, 83.96 kJ/kg 
зо = 0.2966 kJ/kg K 
2, ,-13177.2 - 83.96) - 293 (6.5408 — 0.2966) 
= 3003,24 — 1829.54 = 1263.7 kJ/kg Ans. 


Now д, = A, for throtiling 
At h = 3177.2 Кр and p = 5 MPa, from the superheated steam table 
| f = 390°С | 
$57 6,63 kJ/kg K J by linear interpolation 
АР у. = Availability of steam after throtiling 
= (й, — hg) — Ту — 5) 
= (3177.2 - 83.96) - 293 (6.63 — 0.2966) 
= 3093.24 - 1855.69 
= 1237.55 kI/kg 
Decrease in availability due to throttling 
= у, — w= 1263.7 - 1237.55 = 26.15 kT/kg 


Now 
ху, = 22 = 9112 
5.5970 


hy, = 504.7 + 0.9112 x 2201.9 = 2511.07 kJ/kg 
h,- №, = 3177.2 — 2511.07 = 666.13 kJ/kg 
hy — fy = йй, — ha) = 0.82 x 666.13 = 546.2 kJ/kg 
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E h = 2631 kJ/kg = 504.7 + x, x 2201.7 


21263 

= 21263 0966 
5 220017 
ғу = 1.5301 + 0.966 х 5,597 = 6,9368 


a y, = Availability of steam at turbine exhaust 
= (Я; Ар) — Tos, — Sq) 
= (2631 - 83.96) - 293 (6.9368 - 0.2966) 
= 2547.04 - 1945.58 
= 601.46 КІЛ 
Specific work output from the turbine 
= hy — В, = 3177.2 — 2631 = 546.2 kJ/kg Ans. 
The work done is less than the loss of availability of steam between states 2 
and 3, because of the irreversibility accounted for by the isentropic efficiency. 


Exemple 9.15 А steam turbine receives 600 kg/h of steam at 25 Баг, 350°C, 
Ata certain stage of the turbine, steam at the rate of 150 kg/h is extracted at 3 bar, 
200°C. The remaining steam leaves the turbine at 0.2 баг, 0.92 dry. During the 
expansion process, there 15 heat transfer from the turbine to the surroundings at 
the rate of 10 kJ/s. Evaluate per kg of steam entering the turbine (a) the 
availability of steam entering and leaving the turbine, (б) the maximum work, 
and (c) the irreversibility. The atmosphere is at 30°C. 
Solution АХ 25 bar, 3509С 
A, = 3125.87 ki‘ke 
. s, = 6.8481 КУКр К 
At 30°C, hy = 125.79 ki kg 
$5 = Spec = 0.4369 kT/kg K 
At 3 bar, 200°C h, = 2865.5 ККЕ 
$2 = 7.3115 КУК K 
At 0.2 bar (0.92 dry) Ap = 251.4 W/kg 
hg = - 2358.3 kJ/kg 
sc = 0.8320 ЕЛЕК 
Ss, = 7.9085 ЕКА K 
A, = 251.4 + 0.92 x 2358,3 = 2421.04 kJ/kg 
5; =0.8320 + 0.92 x 7,0765 = 7.3424 kJ/kg K 


The states of steam are shown in Fig. Ex. 9.15. 
(а) Availability of steam entenng the rurhine 
T, = (n — fo) — To (5, — 59) 
= {3125.87 - 125.79) — 303 (6.8481 - 0.4369) 
= 3000.08 - 1942.60 = 1057.48 kJ/kg Ans. 


Availability of steam leaving the turbine at state 2, 
T^ = (А: ~ hy) - 15-5) 
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ff = 800 kgh Q= i0 kW 
P = 25 bar, h = 350°C 
1 kg 1 


Py = 3 bar ІС 
i, = ДКС Y 
0.25 kg 
Fig. Ex. 9.15 


= (2865.5 — 125.79) — 303 (7.3115 — 0.4369) 
= 2739.7] - 2083.00 = 656.71 kJ/kg 
Availability of steam leaving the turbine at state 3, 
T5 = (Я, - Ag) — Ty (54 - 59) = (2421.04 - 125,79) - 303 (7.3524 - 0.4369) 
= 199.85 kJ/kg 
(b) Maximum work per kg of steam entering the turbine 


m 
W ay = Pi- - DÀ W^ = 1057.48 – 0.25 x 656.71 – 0.75 x 199.85 
mi m, 


= 743.4] kJ/kg Ans. 
(c) Irreversibility 
£= Тю, S, ws, -w 5) -Q 
= 303 (150 x 7.3115 + 450 x 7,3424 — 600 x 6.8481) - (- 10 x 3600) 
= 303 (1096.73 + 3304,08 - 4108.86) = 36000 
= 124,460.85 kJ/h 
124.461 xX 103 
600 


Example 9.16 Determine the exergy of (a) 3 kg of water at | bar and 90°C, 
(b) 0.2 kg of steam at 4 MPa, 500°C and (c) 0.4 kg of wet steam at 0.1 bar and 
0.85 quality, (d) 3 kg of ice at 1 bar - 10°С, Assume a dead state of 1 bar and 300 
K 


= 124.461 MI/h = = 207.44 kJ/kg Ans. 


Solution At ihe dead state of 1 bar, 300 K, 
ug = 113.1 kJ/kg, Ag = 113.2 kJ/kg K. 
Dg = 0.001005 m'/kg, x, = 0.395 kJ/kg 
Exergy of the system: 
ф = ты + pod — Tos) — (щ + ро – Toso) 
Now, ug + рар – T3557 Aa — Тузу 
= 113.2 – 300 x 0.395 
=. 5.3 КУК 
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(a) For water at ] bar, 90°C 
и = 376.9 kJ/kg, & = 377 kJ/kg, v = 0.001035 m'/kg 
s = 1.193 ОКЕ К. 
білсе Р = Pos 
и + pot – 15 =u + ро – Tys =A- Г 
= 377 — 300 x 1.193 
= 19.1 kJ/kg 
Hence, ф= 3[19.1 - -2(-5.33] = 3x 24.4 
= 73,20 Ans, 
(b) At p = 4 MPa r= 500°C 
и = 3099.8, А = 3446.3 Кр, v = 0.08637 п/р 


з = 7.090 kJ/kgK 
u + pov – Туу = 3099.8 + 100 x 0.08637 — 300 x 7.090 
= 981.4 kJ/kg 
ф= 0.2 [981.4 - (- 5.3)] = 197.34 kJ Ans. 


(c) At 0.1 bar, 0.85 quality, 
и = 192 + 0,85 x 2245 = 2100.25 kJ/kg 
д = 192 + 0.85 x 2392 = 2225.2 Шр 
s = 0.649 + 0.85 x 7.499 = 7.023 kJ/kg К 
v= 0.001010 + 0.85 x 14.67 = 12.47 пр 
н + pov — Туз = 2100.25 + 100 x 12.47 — 300 x 7.023 
= 1240.4 kJ/kg 
$ = 0.4[1240.4 - (- 5.3)] = 498.3 К] Ans. 
(d) Since p = pp, 
^ =U- Uat pÁV - Р) - ТЗ 5) 
‚ =Н-Н- Vip - ра) - TUS – So) 
- = m[(h — ^y) — {з — 5уу)] 
At 100 kPa, — 10°C, 
й = – 354.1 kJ/kg and s = - 1.228 Ыр К 
ф = 3[- 354.1 - 113.2 - 300 (- 1.298 - 0.0398 
- 81.2 kJ. Ans. 


Example 9.17 А flow of hot water at 90°C is used to heat relatively cold water 
at 25°C to a temperature of 50°С tna heat exchanger. The cold water flows at the 
rate of l kg/s. When the heat exchanger is operated іп the parallel mode, the exit 
temperature of the hot water stream, must not be less than 60°C. In the counterílow 
operation, the exit temperature of hot water can be as low as 35°C. Сстраге the 
second law efficiency and the rate of exergy destruction tn the two modes of 
operation. Take 7, = 300 К. 


Solution Given: &, = 90°С, = 25°C, t,, = 60°С, 
m.= 1 kg/s, Г = 300 К. 
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The two modes of operation of (a) parallel flow and (b) counterflow are shown 
in Fig. Ex. 9.17. 


ӛз, (1) 2, m 

АР ^n ur Vv — 
4—1—^ AAS MAAA = 

тед)" i 


Fig. Ex. 9.17 


In parallel flow mode (a), г, = 60°С, Neglecting any heat loss, 
m, Cath, = I.) = т. Clie, = ы) 

т, (90 - 60) = 1(50- 25) 

m, = 0.833 kg/s 
Іп counterflow mode, ty = 35°С, 

т,(90-35)- 1(50 — 25) 
қ 25 
M, = —— = 0.454 Ер/в 

Jin g/ 


Thus, the counterflow arrangement uses significantly less hot water. 

Assuming that the hot water stream on exit from the heat exchanger is simply 
dumped into the drain, the exergy flow rate of the hot water stream at entry is ' 
eonsidered as the exergy input rate to the process. 


ag = m iA- hg) — To Gs, — 59)] 
At 300 K or 27°C, Ay = 113.2 kJ/kg and s = 0.395 kJ/kg К 
м 90°C, лу = 376.92 n 5, = 1.1925 kI/kgK 
= 0.833 [(376.92 — 113.2) - 300 (1.1925 — 0.395)] 
= 0.833 (263.72 – 239.25) = 20.38 kW 
Parallel Now: 


At 60°C, h, = 251.13 kVkg, 5, = 0.8312 kJ/kg К 
At 25°C, h, = 104.89 kl/kg, 5; = 0.3674 kJ/kg K 
At 50°C, ha = 209.33 kMkg, 5, = 0.7038 kJ/kg K 
Rate of exergy gain: 


= т) — Tq, — s.) 
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= ][(209.33 - 104.89) — 300(0.7038 — 0.3674)] 
= 104.44 - 100.92 = 3.52 kW 


_ 3.52 
(ть 20.38 


Rate of exergy loss by hot water: 
= my[(A, — Я.) - Тузу — 32) 
= 0.833 [(376.92 — 251.13) — 3001.1925 — 0.3312)] 
= 0.833 (125.79 - 108.39) = 14.494 kW 
Rate of reversibility or exergy destruction: 
= 14.494 — 3.52 = 10,974 kW 
Н the hot water stream is nat dumped to the drain, 


= 0.172 or 17.2% 


E mm = 0.243 or 24.3% Ans. 
Counterflow: 
At 35°C, Ay = 146.68 kT/kg, s, = 0.5053 kJ/kg K 
Rate of exergy gain of cold water = my (А, — Ау) - Tols; —.5.)] = 3.52 kW 
(same as in parallel low) 


Rate of exergy input (if exiting hot water is dumped to the surroundings) 
= 0.454 (263.72 - 239.25) = 11.11 kW 
3,52 
11.1 
Rate of exergy loss of hot water. 
= my[(h, - Ag) - Tas, — 52)] 
= 0.454 [(376.92 — 146.68) — 300(1.1925 — 0.5053)] 
= 0.454 (230.24 - 206.16) = 10.94 kW 


= 0.3168 or 31.68% 


Tac = 


пис = a = 0.3217 of 32.17% Ans. 
Rate of irreversibility or exerpy destruction: 
= 10.94 - 3.52 = 7.42 KW dns. 


The second law efficiency for the counterflow arrangement is aignificantly 
higher and the rate of irreversibility is substantially lower compared to the 
parallei flow arrangement. 


Example 9.18 A small geothermal well in a remote deseri area produces 
50 kg/h of saturated steam vapour at 150°C. The environment temperature is 
45°C. This geothermal steam will be suitably used to produce cooling for homes 
at 23°C, The steam will emerge from this system as saturated liquid at 1 atm 
Estimate the maximum cooling rate that could be provided by such a system. 


* 
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Solution Тһе energy balance of the control volume as shown іп Fig. Ex. 9.18 
gives: 
The entropy balance is; + 


Zw E ZI 


where T'is the temperature maintained in the homes. 


Fig. Ex. 9.18 


Solving for Q, 


а-ы 795) 0 in Togn 
(1,/7)-1 


Ву second law, - >0, 
Therefore, for а given — state 2, the maximum (2 would be 


е”. С 5! D- 1 
State- 1 : T, = 150°C = 425 K, saturated vapour 
h; = 2746.4 kJ/kg 
sı = 6.8387 kJ/kg K 
State-2: 7,-1009С = 373 K, saturated liquid 
№, = 419.0 Кр 
s, = 1.3071 Иа К 


So, since 7, = 318 К, 
b, =A, — Tyr, = 2746.4 — 318 x 6.8387 
= 571.7 Ка 


b, = hy — Г, = 419.0 – 318 x 1.3071 = 3.3 kl/kg 
б -30х(5717-33) 
max (318/296) - I 
= 106 kW Ans. 


= 3.82 x 10? kJ/h 
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REVIEW QUESTIONS 


91 ‘What is a pure substance? 

92 What are saturation states? 

9.3 What do you understand by mple point? 

Give the pressure'and temperature of water at its triple point. 

94 What is the critical state? Explnin the terms critical pressure, critical temperature 
and critical volume of water? 

9.5 What ts normal boiling paint. 

9.4 Draw the phase equilibrium diagram on p-? coordinates for à substance which 
shrinks in volume on melting and then for a substance which expands in volume 
on melting. Indicate thereon the relevant constant propery lines. 

9.7 Draw the phase equilibrium diagram for a pure substance on p—T coordinates. 
Why does the fusion line for water have negative slope? 

9.8 Draw the phase equilibrium diagram for a pure substance an T-s plot with 
relevant consiant property lines. 

99 Draw the phase equilibrium diagram for à pure substance on A-s plot with 
relevant constant property lines. 

9.10 Why do the isobars on Mollier diagram diverge from one another? 

9.11 Why do isothezms on Mollier diagram become horizantal in the superheated 
region at low pressures? 

9.12 Whatdo you understand by the degree of superheat and the degree of subcooling? 

9.13 What is quality of steam? What are the diferent methods of measurement of 
quality? 

9 14 Why cannot a Throctling calorimeter measure the quality if the steam is very wet? 
How is the quality measured then? 

9.15 What is the principle of operation of an electrical calorimeter? 

PROBLEMS 

9.1 Complete the following table of properties for 1 kg of water (liquid, vapour 
ог mixture}, 
Р | v X Super- Å s 
(bur) С} (тр) 80  heat(^C)  (k/kg) (а Қ) 
(а) - 35 25.22 - - =- - 
(b) - - 0.001044 - - 419.04 - 
(с) - 212.42 - 90 - - - 
шы 1 - - - - - 6.104 
ќе} 10 320 - е - - - 
{б 5 - 0.4646 - - - - 
(g) 4 - 0.4400 - - - _ 
(hy - 500 - - - 3445.3 - 
із) 20 - - - 50 - - 
8) 15 - - - - - 7.2690 
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(a) А ngid vesse! of volume 0.86 m? contains | kg of steam al a pressure of 
2 bar. Evaluate the specific volume, temperature, dryness fraction, intemal 
energy. enthalpy, and entropy of steam. 

(b) The steam is heated іт raise 115 temperature іс 150°C. Show the process on в 
skeich of the р-и diagram, and evaluate the pressure, increase in enthalpy, 
increase im interna] energy, increase in entropy of steam, and ће heat 
transfer. Evaluaie also the pressure at which the steam becomes dry 
saturated. 

Ans, (а) 0.86 т?р, 120.23°С, 0.97, 2468.54 kJ/kg, 
2640.54 Юц, 6.9592 W/kg K 
fb) 2.3 bar, 126 kJ/kg, 106.6 ЮКЕ, 0.2598 Мр К. 106.6 КК 

Ten kg of water a1 43°C 15 heated at à constant pressure of 10 bar until it becomes 

superheated vapour at 300°C. Find the changes in volume, enthalpy, internal 

energy and entropy. 
Ант. 2.569 m`, 28627.5 KJ, 26047.6 КІ, 64.842 ЕК 

Water at 40°C is cantinuausly sprayed into a pipeline carrying 5 tonnes of steam 

at 5 bar, PU per hour. At a section downstream where the pressure is 3 bar, 

the quality is to be 95%. Find the rale of water spray in kg/h. 
Ans. 912.67 kgh 

A rigid vessel contams | ky of a mixture of saturated water and saturated steam 

at a pressure of 0.15 MPa. When the mixture is beated, the state passes through 

the critical point. Determine fa} the volume of vessel (b) the mass of liquid and 
of vapour in the vessel initially, (с) the wmperatire of the mixture when the 
pressure has risen to 3 MPa, and (dj the heat transfer required to produce the final 

state (е). 

Ans. (a) 0.003155 m`. (Б) 0.9982 kg, 0.0018 kg, 
іс) 233.9°C. (d) 581.46 ЫТ 

А rigid closed tank of volume 3 m? contains 5 kg of wet steam at a pressure of 

200 kPa. The rank is heated until the steam hecomes dry saturated, Determine the 

final pressure and the heat transfer to the omk. 

Ans, 304 kPa, 3346 К! 

Steam Bows through а small turbine al the rate of HEKI kg/h entering ai 15 bar, 

300°C and leaving at 0.1 bar with 4% moisture. The steam enters at 80 m/s at a 

point 3 m above the discharge and leaves at 40 m/s. Compute the shaft power 

asaming that the device js adiabatic but considering kinetic and potential enerzy 
changes. How much error. would be made if these icrms were neglected? 

Calculate the diameters of the inlet and discharge tubes. 

Ans. 765.6 KW, 0.44%, 6.11 cm, 78.9 ст 

A sample of steam from a boiler drum at 3 MPa is put through a throttling 

calorimeter in which the pressure and temperature are found to be 9.1 MPa, 

і209С. Find the quality af the sample taken from the boiler. 
Ans. 0.95] 

It is desired to measure the quality of wet steam at 0.5 MPa. The quality of steam 

із expected to be not more than 0,9, 

(a) Explain why a throttling calorimeter to atmospheric pressure will not serve 
the purpose. 

(b) Will the usc of a separating calorimeter, ahead of the throtiling calorimeter, 
serve rhe purpose, if at best 5 C degree of superheat is desirable at the end of 
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9.10 


9,11 


9.17 


9.14 


9,15 


9.16 


throttling? What is the minimum dryness fraction required at the exit of the 
separating calorimeter із satisfy this condition? 
The following observations were recorded in an experiment with a combined 
separating and throuting calorimeter: 
Pressure in the seam main —15 bar 
Mass of water drained from the separator —0.55 Кр 
Mass of steam condensed after passing through the (оше valve —4.20 Ер 
Pressure and temperature afer throttling —1 bar, 120°C 
Evaluate tbe dryness fraction of the steam in the main, and state with reasons, 
whether the throttling calorimeter alone could have been used for this test, 
Ans. 0.85 . 
Steam Кот an engine exhaust at 1,25 bar flows steadily through an elecuic | 
colonmeter and comes owt at] Баг, 1302, The calorumeter has rwo 1 kW heaters 
and the flow із messmed m be 3,4 kg ia 5 min. Find the quality in the engine 
exhaust. For the same mass Mow and pressures, what ia the maximum moisture 
that can be determined if the outlet temperature is at least 10597 
dns. 0.944, 0.921 
Skam expands isenuvpically in à nozzle from 1 MPa, 250°C to 10 kPa. The 
seam fow rate is 1 kg/s. Find ihe velocity of steam at the exit from the nozzle, 
apd Не exit area of the nozzle, Neglect ihe velocity of steam at the inlet to the 
nozzle. 

The exhausi suam from the nozzle flows into a condenser and flows out as 
sáturgmied water, The cooling walter enters ibe condenser ax 25°C and leaves at 
35°C. Determine the mass flow rate of cooling water. 

Any, 1224 ms, 0.0101 пу, 47.81 kg/s 
A reversible poiytropic process, begins with steam at p, = EO bar, f; = 200°C, and 
ends with p, = 1 bar. The exponent л has the value 1.15. Find the final specific 
volume, the final temperature, and the heat trsnsferred per kg of fluid. 
Two streams of csicam, спе at 2 MPa, 300°C and the other at 2 MPa, 400°C, mm 
m a steady flow adiabatic process. The rates of flow of Ше rwo streams are 
3 kg/min and 2 kg/min respectively. Evaluate the final temperature of the 
етегше stream, if there 15 no pressure drop due to the mixing process. What 
would be ihe rare of increase in the entropy of the universe? This stream with а 
negligible velocity now expands gdiabatically in a nozzle to в pressure of 1 kPa. 
Determine the exit velocity of the siream and the exit area of the nozzle. 
Ans. 340°C, 0,042 КЛИК min, 1530 ms, 53.77 ст 
Boiler steam at 8 bar, 250°C, reaches the engine control valve through a pipeline 
gt 7 bar, 200°C, И 15 Әк ей to 5 bar before expanding in the engine m 0,1 bar, 
0.9 dry. Determine per kg of steam (a) the heat ioss im the pipeline, (b) ihe 
temperature drop in passing through the thronte valve, (c) the work output of the 
engine, (d) the entropy change due to rhrentling and (е) the entropy change m 
passing through ihe engine. 
Ang, (а) 105.3 kJ/kg, (b) 5°C, (с) 499,35 ЫЛ, . 
(d) 0. £433 KI/kg K, (e) 0.3657 kJ'kp K 
Tank А (Fig. P 9.16) has a volume of 0.1 m` and contains steam at 204^ C, 10% 
аша and 90% vapour by volume, while tank B is evacuated, The valve із then 
opened, and the lanks eventually come to the same pressure, which ts found to be 
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Fig. Р 916 


4 bar. During this process, heal is transferred such that the steam remains at 

200°C, What is the volume of tank В? 

Ans. 4.89 m^ 

Calculate the amount of heat which enen or leaves 1 kg of steam initially at 

0.5 MPa and 250°C, when if undergoes the following processes: 

(a) Н is confined by a piston in a cylinder and is compressed to 1 MPa and 
300°C as the piston does 200 kJ of work on the steam. 

(b) Jt passes im steady flow through a device and leaves at i MPa and 300°C 
while, per kg of steam flowiag through it, а shaft purs in 200 kJ of work. 
Changes in K.E. and Р.Е. are negligible. 

(c) Jt flows into an evacuated rigid container from a large source which is 
maintained at the initial condition of the steam. Then 200 kJ of shaft work is 
transferred to the steam, so thai ils ша! condition 15 1 МРа and 300°C. 

Ans. (a) - 130 kJ (b) - 109 0, and (c) - 367 kJ 

A sample of wet sicam [rom a steam main flows steadily through a partially open 

valve into à pipeline in which is fitted ap elecmc coil. The valve and the pipeline 

are well ingulated, The steam mass flow mtes 0.008 kg/s while the coil cokes 

3.9] amperes at 230 vols The main pressure 1$ 4 bar, and the pressure and 

temperature of the steam downstream of the сой are 2 bar and 160°C respec- 

lively. Stepm velocities may bc assumed to be negligible. 

(a) Evaluate the quality of steam in the main. 

(b) State, with reasons, whether an insulated throttling calorimeter could be 
used for this test. 

Ans. (а) 0,97, (b) not suitable 

Twa insulated tanks, 4 and 8, are connected by a valve. Tank А has a volune of 

0,70 in? and contains steam at 1.5 bar, 200°C. Tank Я has a volume of 0.35 т? 

and contains steam at 6 bar with æ quality of 95, The valve is then opened, and 

the two Lanks come io a uniform stole. If there із no heat transfer during the 
process, what is the fina! pressure? Compute the entropy change of the universe. 
Ans, 322,6 kPa, 0.1985 И. 

A spherical aluminium vessel has an inside diameter of 0.3 m and а 0.62 cm 

thick wall. The vessel contains water at 25°C with a quality of 1%. The vessel is 

then heated unti! the water inside i$ saturated vapour, Cansidering the vesse] and 
water together as а system, calculate the heat transfer during ius process. The 

density of aluminium is 2.7 g/cm’ and its specific heat із 0.896 Шр К, 

Ans, 2082.82 kI 

Steam at 10 bar, 250°C flowing with negligible velocity ai the rate of 3 kg/min 

mixes adiabatically with steam at 10 Sar, 0,75 quality, flowing also with 

negligible velocity at the rate of 5 kg/min. The combined stream of steam is 
throttled to 5 bar and then expanded jsentropically tn a nozzle to 2 bar, Determine 

(a) tbe sine of sieam afler mixing, (b) the steam after throttling, (c) the increase 
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9.22 


9.23 


9.24 


9.25 


9.26 


9.27 


9.28 


in entropy duc to throttling, (d) the velocity af steam at the exit from the nozzle, 
and (c) the exit area of the nozzle, Neglect the К.Е. of steam at the inlet 1o the 
nozzle. 
Ans. (a) 10 bar, 0.975 dry, (b) 5 bar, 0.894 dry, 
(с) 0.2669 Ие K, (d) 540 m/s, іс) 1.864 em? 
Steam of 65 bar, 400°C leaves the boiler te enter а steam turbine Ве with a 
throtile governor. Aia reduced load, as ihe governor takes action, the pressure of 
steam 15 reduced to 59 bar by throttling before it is admitied to the turbine. 
Evaluate the availabilities o£ steam before and afler the throtiling process and the 
imeversibility duc to it. | 
А mass of wet steam а temperature 165°C is expanded at constant quality 0.8 10 
pressure 3 bar. [t is then heated at consiant pressure to à degree of superheat of 
66.5°C. Find the enthalpy and entropy changes бипп expansion and during 
heating. Draw the 7-s and h-s diagrams, 
Ans, - 59 ИКЕ, 0.163 kl/kg k. during expansion and 676 kJ/kg, 
1.588 ККЕ К during heating 
Steam enters а nirbiné at a pressure of {00 bar and a temperature af 400°C. At 
ihe exit of the turbine the pressure is 1 bar and the entropy is 0.6 Гр K greater 
than that at ііі. The process 15 adiabatic and changes in KE and РЕ may be 
neglected. Find the work done by the steam in Ня, What is ihe mass flow rate of 
steam required to produce a power output of 1 КҰР? 
Ans, 625 Vg, 1.6 ka/s 
One kg of steam in a closed system undergoes a thermodynamic cycle composed 
the following reversible processes: (1-2) Тһе steam initially at 10 bar, 40% 
quality is heated at constant volume until ihe pressure rises to 35 bar; (2-3). It is 
then expanded isothermally to 10 bar, (3—1) It is finally cooled at constant 
pressure back to its inilial state. Sketch the cycle on Ге coordinates, and 
calculate the work done, the heat transferred, and the change of entropy for each 
ofthe three processes. Whal is the thermal efficiency of the cycie? 
Ans. 0; 1364 kJ; 2.781 kK, 367.5 ЕҢ 404.6 КЕ 0.639 ЫК: 
~ 200.| kJ; - 1611 kl; - 3.319 КИК 8.93% 
Determine the exergy per unit mass for the steady flow of cach of the following: 
(2) steam at 1.5 MPa, 500°C 
(b) air at 1.5 MPa, 500°C 
(c) water at 4 MPa, 300 К 
(d) air at 4 MPa, 300 К 
(e) air at 1.5 MPa, 300K 
Ans, Га) 1220 kJ/kg, {б} 424 Юка, іс) 3.85 се; 
{d} 316 kI/kg, (г) 232 kJ/kg 
A liquid (c, = 6 kJ/kg K) is heated at an approximately constant pressure trom 
208 К to 90" C by passing it through tubes immersed in a furnace, The mass flow 
rate is 0.2 kg/s. Determine (a) the heating load in kW, (b) the exergy production 
rate in КҰР corresponding to the temperarure nst af the fluid, 
Ans. (a) 78 kW, (5) 7.44 kW 
A flow of hot water at ЕЙ С 15 used to heat cold water from 20°C ta 45°C ша 
heat exchanger. The coid waver flows at the rate of 2 kgs. When operated in 
parallel mode, the exit temperature of hot water stream cannot be less than 55?C, 
while in the coumertlow mode, ті сап be as low as 30°C. Assuming the 


9.29 


9,30 


9,32 
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surroundings аге at 300 K, compare the second law efficiencies for the two modes 
of operation. 
Water at 90°C is Dowing in a pipe. The pressure of the water is 3 bar, the mass 
flow rate is 10 kg/s, the velocity is 0.5 m/s and the elevation of the pipe is 200 m 
above the exit plane of the pipeline (ground level). Compute (a) the thermal 
exergy flux, (bj the pressure exergy Mux, іс) dhe exergy flux from KE, (d) the 
exergy Пих from PE, (е) total exergy Пих of the stream. 
Ans, (a) 260 kW, (b) 2.07 kW, (с) 1.25 x 10° kW, 
(Дд) 19.6 KW, (c) 282 kW 
А cylinder fitted with a piston contains 2 kg steam at 500 kPa, 400°C. Find the 
entropy change and the work done when the steam expands ta a бла pressure of 
200 kPa in each of the following ways: (a) adiabatically and reversibly, 
(b) adiabatically and irrevergsolv ta an equilibrrum temperature of 300°C. 
Aris, {а} 0. 386.7 kJ, (b 0.1076 КҮК, 300.4 kJ 
Steam expands isentropically in a nozzle from Ё MPs, 250°C to 10 kPa. The 
steam flow tate 15 1 kgs. Neglecting the КЕ of steam at iniet to the nazzle, find 
the velocity of steam at exit from the nozzle and the exit area of the nozzle. 
Ans. 1223 ms, 100 стр 
Hot helium gas at 800°C is supplied to a steam generator and is cooled ta 450°C 
while serving as a heat source for the generation of seam. Wafer enters the steam 
generator at 200 bar, 250°C and leaves as superheated steam at 200 bar, $00°C. 
The temperature of ihe surroundings 15 27°C, For | kg helium, determine (a) the 
maximum work that could be produced by the heat removed from belium, (b) the 
mass of steam generaled per Кд of helium, (c) the actual work done m the steam 
cycle per kg of helium, id) the net change for enwopy of ihe universe, and (е) the 
ineversibility. Take the average с, for helium as 5.1926 kJ/kg К and tbe 
properties of water af inlet to the steam penerator as those of saturated water at 
250°C. 
Ans. (а) 1202.4 kJ/kg He, (b) 0.844 kg H;O/kg Не (с) 969.9 kJ/kg He, . 
(d) 0.775 kJ/(kg He-K), (e) 232.5 kJ/kg He 
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10.1 Avogadro's Law 


А mole of a substance has a mass numerically equal to the molecular weight of 
the substance. 

One g mol of oxygen has a mass of 32 g, 1 kgmol of oxygen has a mass of 
32 kg, ! kgmol of nitrogen has a mass of 28 kg, and so on. 

Avogadro's law states that the volume of a g mol of all pases at the pressure of 
760 mm Hg and temperature of 0°С 15 the same, and is equal to 22.4 litres. 
Therefore, 1 g mol ofa gas has a volume of 22.4 x 10° cm’ and 1 kgmole of a gas 
has a volume of 22.4 m^ at normal temperature and pressure (N.T.P.}. 

For à certain gas, if m is its mass in kg, and p its molecular weight, then the 
number of kg moles of the gas, n, would be given by 


m kg m 
n = ———— = — kgmoles 
m 2 

kgmol 

The molar volume, v, is given by 

v= "ad те mol 
n 

where F is the total volume of the gas in m”. 


10,2 Equation of State of a Gas 


The functional relationship among the properties, pressure p, molar or specific 
volume v, and temperature 7, is known as an equation of state, which may be 
expressed in the form, 


Рр, в, T) = ü 


M 
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If two of these properties of a gas are known, the third can be evaluated from 
the equation of state. 

It was discussed іп Chapter 2 that gas is the best-bchaved thermometric 
substance because of the fact that the mtio iol pressure p of a gas at any 
temperature io pressure p, of the same gas at the triple point, as both p and p, 
approach zero, approaches a value independent of the nature of the gas. The ideal 
gas temperature T of the system at whose temperature the was ехегіз pressure р 
- (Arücle 2,5) was defined as 


4 Т= 273.16 lim -Е. (Const. V) 
py p, 

Т= 273.16 lim + (Const. p) 
Fp 34 A 


The relation between pv and p of a gas may be expressed by means of a power 
series of the form 


po=A(l+ Bp Cp +...) (10.1) 
where A, В", C", etc., depend on the temperature and nature of the gas. 
А fundamental property of gases is that: Ішті ( pv) is independent of the nature 
А P 


of the gas and depends only on T. This is shown in Fig. 10.1, where the product pv 
is plotted against p for four different pases in the bulb (nitrogen, air, hydrogen, 
and oxygen) at the boiling point of sulphur, at steam point and at the triple point 
of water. In each case, it is seen that as p — 0, pv approaches the same value for 
all gases at the same temperature. From Eq. (10.1) 
lim pv = A 
P30 
Therefore, the constant А is а function of temperature only and independent of 
the nature of the gas. 
РР іш” А 
АУ lmí(po) А, 
lim "- (Cons. р) = lim 2 = lm P? = A. 
Қ РА  limí(pv) А 
Тһе ideal gas temperature T, i5 tus 


lim 5 (Cons. V) = lim 
l 


T= 273.160 Р?_ 
lim ( pv), 
А lim (ро) | 
^ | =| Т 
im (ро) | 273.16 


The term within bracket is called the universal gas constant and is denoted by 
Я. Thus 


т lim(pv), 
В = ——— 10.2 
273.16 ( ) 
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,7- lim (pv) = 58.9 litre atm/gmotl 


8 # р--о sulphur point 
cp P 
Е / mos ii M; 
m Га peu 
Е ЕЕ? е” Ё 
а. А НРО; 
a on 9Р9 2. НО = 
10 20 30 40) 
——- p atm 
(a) 
E [ — lim (pv) = 30.62 ilire atm/grmal 
C "s . 
E р po Урат роті — Ha 
Б oS Uv 
m а Е “ШІ 
Ё TU Z TUE 
> 
а 
Е ар, ара 
20 30 40 
-—- р. atm 
(b) 
E ж _-— lim (pv), = 22.42 litre atmégmol 
a po 
fi 4 Se es е AM 
о | ар = ===. № 
Е e мыш з МИ 
= | Triple point of water er a 
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— рат 
(с) 


Fig. 10.1 For any gos v (fre), i independent of the nature of ihe 
Гы 
gas and depends only оп Г 


The value obtained for lim (pv), is 22.4 litre-atm 
pO 


p. A24 _ 0.083 litre-atm 
273.16 gmol K 
The equation of state of a gas 1s thus 


lim pv = RT . (103) 
poo 


where v is the molar volume. 
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10.3 Ideal Gas 


А hypothetical gas which obeys the law pv = RT at all pressures and 
temperatures is called in шесі gos. B 

Real gases do not conform to this equation of state with complete accuracy. As 
p — 0, or T — е, the real gas approaches the ideal gas behaviour. In the equation 
pō = RT, as Т 0, ie., г - 273.15?C, if v remains constant, p — 0, or if p 
remains constant, 7 -+ 0, Since negative volume ot negative pressure is 
inconceivable, the lowest possible temperature is 0 К or – 273.15?C. Т is, 
therefore, known as the absoluie temperature. 

There is no permanent or perfect gas. At aimospheric condition oniy, these 
gases exist in the gaseous siate. They are subject to liquefication or solidification, 
as the temperatures and pressures are sufficiently lowered. 

From Avogadro's law, when р = 760 mm Нр = 1.013 x 10° N/m’, T= 
273.15 K, and = 22.4 m'/kgmol 


g = 1012 x 10° x224 
273.15 
= 8314,3 Nuykgmol K 
= 8,3143 k/kgmol K 


Since 7 = V/n, where F is ihe total volume and л the number of moles of the 
gas, the equation of state for an ideal gas may be written as 


pV=nRT (10.4) 
Al = 
ЕО п = - 
H 


where H is the molecular weight 


QR 

р/=т ші 
Or pF = mRT (10.5) 
where К = characteristic gas constant = t (10.6) 
For oxygen, €g., | 

Вас = = 0.2598 kJ/kg K 
For air, 

Ry. = ES = 0.287 kJ/kg K 


There are 6,023 х 10° molecules in a g mol of a substance, 
This is known as Avogadro's number (A). 


M A = 6.023 x 102 molecules/kgmol 
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т л kg moles of gas, the total number of molecules, М, are 
М=вА 
or л = Nia 


ру-міт (107) 
= МКТ 


where & = Boltzmann constant 


=R 83143 _ _ 1.38 x 107 Mmolecule K 


А 6023x107 
Therefore, the equation of state of an idcal gas is given by 
př = m&T 


103.1 Specific Heats, Internal Energy, and Enthaipy 
of an Ideal Gas 


Ап ideal gas oot only satisfies the equation of slate ро = RT, but its specific heats 
are constant also. For real gases, these vary appreciably with temperature, and 
little with pressure. 

The properties of a substance are related by 


Tds = du + pdv 
or ds = ЧЧ 4 Bay (10.8) 
T Т 
The internal energy u 18 assumed to be a function of T and v, i.e. 
u-f(T,v) 
du du 
ог du ICJEZEJE: (10.9) 
From Eqs (10.8) and (10.9) 
_1f ou 1 w) 
L(A) ars [5 EL (10.10) 
Again, let 
з= f(T, v) 
_{ д ds | 
а-( аг. SE) ® (10.11) 


Companng Eqs (10.10) and (10.11) 


ds) _ if du 
ЕЗ = 148) (10.12) 
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ds | ] | ди | 
E . Tle ^" (00.13) 
Differentiating Eq. (10.12) with respect to v when 71$ constant 
дз _1 Fu 
= 10.14 
979» Т Tdv ( ) 
Differentiating Eq. (10,13) with respect 1o T when v is constant 
2 2 
Өз 1 du + IE (E _ -Р_ (10.15) 
ддт Т ддт TƏT), Pid, T 


From Eqs (10.14) and (10.15) 


1 Qiu _ 1 дш 

ТТФ Т dv-oT 

ди [9p 
i (Si) ten? | al 
For an ideal gas 

po=RT 
Op) _ 
(55) =x 


From Eqs (10.16) and (10.17) 


ae) "* 


(10.16) 


(10.17) 


(10.18) 


Therefore, н does not change when v changes at constant temperature. 


Similarly, Ки = ДЕР, p), it can be shown that E ди =) = 0, Therefore, м does 
T 


др 


not change with p either, when T remains constant. 


и does not change unless T changes. 
Then w= f(T) 


(10.19) 


only for an ideal gas. This is known ns Joule's iaw, 


If и УСТ, v) 


ди ды 
du = E3I a(g) dy 


Since the last term is zero by Eq. (10.18), and by definition 


du =c dT (10.20) 


The equation ди = с, d7 holds good for an ideal gas for any process, whereas 
for any other substance it ts true for a constant volume process only. 
Since c, is constant for an ideal gas, 


Аи = с, АТ 
The enthalpy of any substance is given by 
A=u+t po 
For an ideal gas 
h—uc-RT 
Therefore 
h-f(T) (10.21) 
` only for an ideal gas 
Mow іл = du “Жат 
Since R is a constant 
Ай = Ан + RAT 
=c, AT t RAT 
= (c, t &) AT (10.22) 
Since his a function of 7 only, and by definition 
vlr] 
P А9Т), 
ал =c, dT {10.23) 
ог Ah=c, AT (10.24) 
From Eqs (10.22) and (10,23) 
ey 7 c, th 
or 6р6, = К (10.25) 


The Eq. бл = c, dT holds good for ап ideal gas, even when pressure changes, 
but for any other substance, this is true only for a constant pressure change. 

The ratio ofc, /c, 1$ of importance in ideal gas computations, and is designated 
by the symbol y, i.e. 


Or ст ус, 
From Ед. (10,25) 
(T- 1) сұт Ё 
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_ В 
ард e = —— 
7-1 | юк (10.26) 
ELE . 
y-1 


IFR= m is substituted in Eq. (10.26) 


and М kW(kgmoD(K) (10.27) 
М 


c, and c, are the malar or molal specific heats at constant volume and at constant 
pressure respectively. 

It can be shown by the classical kinetic theory of gases that the values of у 
are 5/3 for monatomic gases апа 7/5 for diatomic gases. When the gas molecule 
contains more than two atoms (i.e. for polyatomic gases) the value of у may 
be taken approximately as 4/3. The minimum value of y is thus 1 and the 
mazimur is 1.67. 

The value of y thus depends only on thc molecular structure of the gas, і... 
whether Ше gas is monatomic, diatomic or polyatomic having one, two от more 
atoms in в molecule. It may be noted thatc, ande, of an ideal gas depend only on 
y and A, i.e., the number of atoms in à molecule and Ше molecular weight of the 
раз. They are independent of temperature or pressure of the gas. 


103.2 Entropy Change of ап Меп Gas 


From ihe general property relations 

Tds = du + рап 

Tids = dA — vdp 
and for an ideal gas, du = с, dT, dh = c, АТ, and pu = АГ, the entropy change 
between апу two states [ and 2 may be computed as given below 


д; = Ш.Р ар 
І 
ат dz 
=e +R 
“т v 
s,- 5,7 ¢yln— +R in 22 (10,28) 
| г) 
Ай г 
Also ds = — – — 
Т Т 
„ЯТ рф 
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or 2-5) 7c, 2. Еп Р (10.29) 
1, Py 
Since К-с,-с, Eq. (10.29) may be written as 
з= ср 4. - c in 22 + c, In 22. 
1 Pi Pi 
т = № 22 +c, 22 (10.30) 
D, Pi 


Any one of the three Eqs (10.28), (10.29), and (10,30), may be used for 
camputing the entropy change between any two states of an ideal pas. 


10.3,3 Reversible Adiabatic Process 


The general property relations for an ideal gas may be written as 
Tdr = du + pdv = c, dT + pdv 


and Tds = dh — vdp = c, dT — vdp 
For a reversible adiabatic change, ds = 0 

М c, df = – pdt (10.31) 
and Cp dT = vdp (10.32) 
By division 

TB ye PIP 

с, pdv 
or op + y - 0 

р т 


or Чйпр)- уа (In v) = d (In c) 
where c is а constant. 
м шр+уше=ШеЕ 
рӘ-с (10.33) 
Between any two slates | and 2 г 
р Чт pu 


Б Pre Ей 
Р, 02 
For an ideal gas 
pu= RT 
From Eq. (10.33) 
| р= ср? 


Propertizs of Gams and Gas Mixtures б —— 337 


^ сотр = ЕТ 
cp T= ВТ 
Tv! ! = constant (10,34) 
Between any two states | and 2, for a reversible adiabatic process in the case 
of an iden! gas 
Tof = 7, of" 
т-іІ 
or - (>) (10.35) 
1 br: 


Similarly, substituting from Eq. (10.33) 
гү 
р = (£) in the equation ро = АТ 
р 


C 
жені 


р С = RT 
Т\С = constant (10.36} 
Between any two states } and 2 
Түрү = Тру 


(у-у 
5 -(& (10.37) 
En Р 


Equations (10.33). (10.34), and (10.36) give the relations among р, v, and Тіп 
а reversible adiabatic process for an ideal gas. 
The internal energy change of an ideal gas for a reversible adiabatic process 
is piven by ` 
ПИ = du + pdv = 0 


2 2 2 
ar du =- | pde=~ Edv 
[=]; 
where py = рүрү = роу = с 
| ш-шес vj! - 177 - p0] -v3 1 – pol! 
7-1 7-1 
= 0 — BU 
7-1 
А-П) ВЕ [| 
ү-і УЦ 


ү-127 
LAU (2) zl (10.38) 
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The enthalpy change of an ideal pas for a reversible adiabatic process may be 
similarly derived. 


2 2 2 Ev 
OT ран = J oto = | m dp 
where РИ = рот = с 
" hy - --- серік, pem 
. r- 
7 


(УТУ 
"(nw)" (р ШИЕ | 


Y- | 
-1y 
= үрүп (ы) б, 
Ті Р 
(r-1vy 
= ҮК (2) -1 (10.39) 
Yori 2 
The work done by an ideal gas in a reversible adiabatic process is given by 
dQ-dU-dW-D0 
or d W--—dqU 


i.e. work 13 done at the expense of the internal energy. 
' Hyg 5U- = (шу - uj) 


` (¥-1) 
ү-і 7-1 y-! P 
where m is the mass of gas. 


In a steady flow process, where both [low work and extemal work are 
involved, we have from S.F.E.E., 


F Lud RiT - Т. 
54-5 tgàr-h №, (T, - 7) 2 PE >) 
— [Y-T 
= r - Eon -(2 | | (1040) 


If K.E. and P.E. changes are neglected, 


ү-Іғұ 
_ T (2) 
№ = г 1- Lu (10.42) 
X Y -1 В | n | 
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10.3.4 Reversible Isolhermal Process 


When an ideal gas of mass лт undergoes a reversible isothermal process from 
state 1 to state 2, the work done is given by 


2 V. 
| awe | раи 

| Vi 
% "АТ p 
or “ЖҮЗЕ dF = mRT In —- 
wor Р, 

І 

= mRT In £L (10.43) 


The heat transfer involved in the process 
Qi; C; - UE S 
= WF. = maT ln РУР, = Д, – 5) (10.44) 


10.3.5  Polytropic Process 


An equation of the form py" = constant, where n is a constant can be used 
approximately to describe many processes which occur in practice. Such а 
process is called a polytropic process. Tt is not adiabatic, but it can be reversible. 
Jt may be noted that y 15 a property of the gas, whereas n 15 not. The value ofn 
depends upon the process. It is possible to hind the value o£ n which more or tess 
fits tlie experimental results. For two states on the process, 


piv) = p (10.45) 
Jj n 
or |2) м 
vy P: 
н = log p, - log py (10.46) 


For known values of p,, ру, v, and г, n can be estimated from the above 
relation. 


Two other relations of a polytropic process, corresponding to Eqs (10.35) and 


(10.37), are 
n-l 
2 = t3 (10.47) 
І 2 
n-l/n 
Е = (2) (10.48) 
1 1 


{i} Entropy Change in а Polytropic Process In a reversible adiabatic 
process, the entropy remains constant, But in a reversible polytropic process, the 
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entropy changes. Substituting Eqs (10.45), (10.47) and (10.48) in Eqs (10.28), 


t 01 
-1 R na- 7, 
"-7 рыб (10.49) 


(у- 008-0) m 
Relations in terms of pressure and specifie volume сап be similarly derived. 
These are 


s,- 7 ——L.- рш Pt С (10.50) 
ny - 1) Pi . 
A|- Р 
алд 5-а-- T Rin (10.51) 


It can be noted that when 5 = y, the entropy change becomes zero. If p» > ру, 
for n 5 y, the entropy of ihe gas decreases, and for л > y, the entropy of the gas 
increases. Tbe increase of entropy may result from reversible heat transfer to the 
system from the surroundings. Entropy decrease is also possible if the gas is 
cooled. 


{li} Heat and Work in a Polytropic Process Using the first law to unit mass 
of an ideal pas, 


Q-W-w-u 
R(T,—1 
-<47,-1)- PS » 
= Ёз”: - PRU 
y-1 


n-i/n n-l 
Бұла |= А0 (>) -1| 053 
aa (а | ез | 0; 118.54) 


For a steady flow system of unit mass of ideal gas, the S.F.E.E. Eq. (5.10), 
gives 


Р? 
оњ, Аав) 


YA - 1) 


=, – Гр) = | 


= yd (рур; — Pm) 22 (10.53) 


Properties of Gases ала Gar Mixttrres 


For a polytropic process, 


E _ py Е y p ҒА n-l/a _ 
ome] В 


mI 7d 


— 941 


(10,54) 


Equations (10,52) and (10,54) can be used to determine heat and work 


quantities for a closed and a steady flow system respectively. 


(ili) Integral Property Relations in a Polytropic Process Ina pu" = 


constant process, 
| 1 ? pv? D о, ү"! 
| pdv = [29 а= АЗ - [2] 
4 (Р n-i г 
u-l/a 
AU 1-( 22. 
n-l n 
Similarly, 


TN 


The integral of Tds is obtained from the property relation 
Tds = du + pdt 


2. 2 2 
| Tde = | du + | pdo 
1 1 » 
-ш-и + | pdo 
| 


Substituting бот Eqs (10.50) and (10.53) 


2 n-1lín 
- y-n” P; 
Tdy = — L8 ро 1-| 22 
J at no) (2) | 
&-1 
2н |р (т 
zm x] | 


- —t-? RT, - Tj 
(y - Din - D) 


(10.55) 


(10.56) 


(10.57) 
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Since A/(y— 1) =с,, and putting AT = 7, ~ Т, the reversible heat transfer 


; -7 
Op = | Td =c, aT 

| n-1 
= aT (10,58) 
Where c, = c, (yY— n)'(1 - n) is called the polytropic specific heat. For n > у 
there wili be positive heat transfer and gain in entropy. For л < y, heat transfer 

wiil be negative and entropy of the gas would decrease. 

Ordinarily both heat and work arc involved in a polytropic process. То 
evaluate the heat transfer during such a process, it is necessary to first evaluate 


the work via cither І pdr or — J vdp, depending on whether it is a closed or an 


open steady Now system. The application of the first law will then yield the heat 
transfer. 

The polytropic processes for various values of a are shown in Fig. 10.2 on the 
pet and T-s diagrams. 


pv^-c 
Оп differentiation, 
v" dp + pnv" do =0 
ЧР -_„Р (10.59) 
йр г 


The alope of the curve increases in the negative direction with increase of n. 
The values of a for some familiar processes are given below 
Isobaric process (p = c), п = 0 


AE $ = ( 
fete (vee 
nz 
| Жағы 
ы пт-йірге) 
| nz1 
— % 


Fig. 102 Procex in which fm^ = constant 


Isothermal process (Г = с), п = 1 
Isentropic process (s = c), A = y 
Isometric or isochoric process (0 = e), A = оо, 
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10.4 Gas Compression 


А gas compressor 15 a device in which work 15 done on the gas to raise rts pressure, 
with ап appreciable increase in its density. Being a steady [low device the external 
work done, in absence of K.E. and Р.Е, changes, would be 


2 
W.=-[vdp=h,-hy 
| 


| 
For a reversible polytropic compression process, рї” —c 


н р (n-l1)/n 
МЕ - | 
н--І р 


For reversible adiabatic compression, n 18 substituted by T. For reversible 
isothermal compression, the work of compression becomes 


= 


4 Р; 
W. = Ру Py In — 
" Р 
Figure 10,3 shows the three reversible compression processes. From 
Eq. (10.59), the slope at state | is given by 


4р Ph 
dr Ui 
For Y? > 1 and for the same pressure ratio pepy, the isothermal compression 
needs the minimum work, whereas adiabatic compression oeeds the maxtmum 
work, While the polytropic compression needing work in between the rwo. It may 
be voted in Fig. 10.3, that in process 0-1 the gas is sucked in а reciprocatiug 
compressor, in process 1-2 (27, 2, or 2,, as the case may be) the gas is 
campressed, and in process 2-3 ihe gas is discharged. The clearance volume is 
here neglected. The work of compression is the area included in the diagram as 
shown, | 


ін 


——- 5 


Fig. 10.3  Hevretrible comprestion proceres 
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10.4.1 Multistage Compression 
By staging the compression process with intermediate cooling, the work of 
compression сап be reduced. In an ideal two-stage compressor, as shown in 
Fig. 10.4, the gas is first compressed isentropically in the low pressure (L.P.) 
cylinder, process 1—2, it is cooled in the intercooler at constant pressure to its 
original temperature (ealled perfect intercooling), process 2-3, and it is then 
compressed isentropically in the high pressure (H.P.) cylinder, process 3-4. 
The total work of compression per whit mass іп the two adiabatic cylinders is 
We = 5 - Ay) + (Ag ~ Ay) (10.60) 
If the working fluid is an ideal gas with constant specific heats, 
№. = ср (T; - T) + e(T, - T4) 


Fig. 10.4 Пыс-нарғ compresion with iniercooting 
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1, 1 
engem 
Or- ly Cry 
= (2) - | + sn (2e) - | 
Pi P3 


with perfect intercooling, T, = T, and p; =p, 


(ТП Ur -1)^y 
Ж. = oh (2) + (2) - | (10.61) 
P Py 


ая -1 m" 1- - - 

Mi 2 sn Ta Ec " ЕШ; АРУ "| -0 

| Y Pi Y 

"n per = (pip, 

г. Рз = ¥P\P4 (10.62) 
Thus, for minimum work the intermediate pressure p; (от р.) is the geometric 

mean of the suction and discharge pressures. 
From Eq. (10.62) it follows that 


Pi _ Ра _ 4 | (10.63) 
A Р; № 
Т (f- рү УТ 
Since a. Е Ели |^ 
1 Р Іі LPs 
йты] Т, = Ty, .. Т, = T, 
Also, Рг _ р, Р 
Р Ah 


B _ E 
P| В 


For à 3 stage compressor, Ше pressure ratio рет бінде is: 


1r3 
Рі _| Pa 
P Р 


Thus, the intermediate pressure that produces minimum work will also result 
in equal pressure ratios in the two siages of compression, equal discharge 
temperatures, and equal work for Ше two сізде. 

For ideal two-stage adiabatic compression, the minimum work, using 
Eqs (10.61) and (10.63), becomes 


-iY 
я ~ AYRE (а. zl (10.64 
yY-l|imp 
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Similarly, for reversible polytopic compression, pv" = c, with perfect 
intercooling, the same expressions given by Eqs (10.61) and (10.62) can be 
obtained by substituting л for y, and the minimum work becomes 


t- Ма 
‚= ZARA (2) - | (10.65) 
n=l [А 
The heat rejected in the intercooler is 
Q3 = 6, 05 - Ty) 
If there are N stages of compression, the pressure ratio in each stage can be 
shown to be 
А IN 
P | discharge pressure 
Pi suction pressure 
The total work of compression for М stages is 


| (n = 1)/ Nn 
w= RRT, (“= dischargo | - | (10.67) 


у л = 1 Рахат 


(10.66) 


[n the case of gas compression, the desirable idealized process is often a 
reversible isothermal process. The isothermal efficiency, Ny of a campressor is 
defined as 


pu, In a 
Рі 


WF. 


10.4.2 Volumetric Efficiency 


The ratio of the actual volume of gas taken into the cylinder during suchon stroke 
to the piston displacement volume ts called volumetric efficiency. If m is the 
mass flow rate of gas and ғ, is the specific volume of gas at inlet to the 
compressor, and PD is the piston displacement per cycle, then volumetric 
efficiency із given by 
= то 
уы рп 
Let us imagine an idealized reciprocator in which Uere аге no pressure lasses 
and the processes 3-0 and 1-2 are reversible polytropic processes (Fig. 10.5), 
with equal value ofa, The clearance volume (CV) is the volume Р, of the cylinder 
and the process 3—0 represents the expansion of the air in the CF. The valumeunc 
efficiency is then given by 
LARH-Hh 
И-М 


/ 
/ 


(10.68) 


Tlvol 
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Fig. 10.5 Processes іп ап ideafigrd reciprocating comprassor 


_, h-hh 
=f ИЩИ (10.69) 
Clearance С is defined as 
C= Clearance volume 
PD 
= 5 (10.70) 
И-М 
y D In 
Now 0 -Zaf 2) (10,71) 
Wy т, Py 
lin 
y (2) _y 
РІ 
=[- С 
Д. РА 


lin 
= | -с-6 2) (10.72) 
р, 


Equation (10.72) is plotted in Fig. 10.6. Noting that (p,/p,)'"" is always greater 
than unity, it is evident that the volumetric efficiency decreases as the clearance 
increases and as the pressure ratio increases. 

In order to get maximum flow capacity, compressors are built with the 
minimum clearance. Sometimes, however, the clearance ts deliberately increased 
as a means of controlling the flow through the compressor driven by a constant 
speed motor. 

It is evident from Fig. 10.6 that as the pressure ratio is increased, the 
volumetric efficiency of a compressor of fixed clearance decreases, eventually 
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becoming zero. This can also be seen in an indicator diagram, Fig. 10.7. Ая the 
discharge pressure is increased, the volume Р, taken іп аір, decreases. At some 
pressurep,, the compression line intersects the line of clearance volume and there 
15 no discharge of gas. An attempt to pump to p», (or any higher pressure) would 
result in compression and re-expansion of the same gas repeatedly, with no [low 
in ar out, The maximum pressure rauo attainable with a reciprocating compressor 
15 thus limited by the clearance, The clearance cannot be reduced beyond a certain 
value, then to attain the desired discharge pressure, multisiage compression is to 
be used, where the overall pressure ratio is the product of the pressure ratios of 
the stages. 
The mass flow rate of gas from Eq. (10.68) then becomes 


L'a 
не ЁО = 0. 1+с-с[2) (10.73) 
г; Pi Pi 


D п Б с d СЬ —- 


Fig. 10.6 — Effect of clearance on volumetric efficiency 


рі 


(РО) 
V 
CL (PD) 


Fig. 19.7 — Effect of pressure ratio on capacity 
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10,5 Equations of State 


The ideal gus equation of state рб = R T can be established from the positulates 
ofthe kinetic theory of gases developed by Clerk Maxwell, with to important 
assumptions that there is little от no айтаспоп between the molecules of the gas 
and that the volume occupied by the molecules themselves is negligibly small 
compared to the volume of the gas. When pressure ts very small or temperature 
very large, the intermolecular attraction. and the volume of the molecules 
compared to the total volume of the gas are not of much significance, and the гелі 
раз obeys very closely the ideal раз equation. But as pressure increases, the 
intermolecular forces of attraction and repulsion increase, aod also the volume of 
the molecules becomes appreciable compared to the gas volume. So then the real 
gases deviate considerably from the ideal gas equation. van der Waals, by 
applying the flaws of mechanics to individual molecules, introduced two 
correction terms in the equation of ideal gas, and his equation is given below. 


(ғ--)ө-ы-ат (10.74) 


The сое клеш а was introduced to account for the existence of mutual 
attraction betweeu the molecules. The term a/v’ is called the force of cohesion. 
The eoefücient b was intorduced to account for the volumes of the molecules, and 
із kuown as co-volume. 

Real gases conform more closely with the van der Waals equation of state Шав 
the ideal gas equation of state, particularly at higher pressures. But it is not 
ebeyed by a real gas in all ranges of pressures and temperatures. Many more 
equations of state were later intraduced, and notable among these are the 
equations developed by Berthelot, Dieterici, Beattie-Bridgeman, Kammerlingh 
Onues, Hirshfelder-Bird-Spotz-McGee-Sutton, Wohl, Rediich-Kwong, and 
Mariin-Hou. 

Apart from the vau der Waals equation, three two-constant equations of state 
are those of Berthelot, Dieterici, and Redlich-Kwong, as given below: 


RT a 
Berthelot: - - 10.75 
0 Р p-b Ти? ( 
Dieterici: pz -KL.. erty (10.76) 
225 
ЕТ а 


Redlich-K wong: p= (10,77) 


р-Б  T'*v(na b) 

The constants, а and ^ are evaluated from the critical data, as shown for van 
der Waals equation in article 10,7. The Berthelot and Dieterici equations of state, 
like the van der Waals equation, are of limited accuracy. But the Redlich-K wong 
equation gives good results at high pressures and is fam]y accurate for 
temperatures above the critical value. 

Another two-constant equation which is again of limited accuracy is the Saha- 
Base equation of state given as follows. 
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RT RT | v- 2b ) 

= -—е In | ———— 10.78 

P 2b U 

It is, however, quite accurate for densities less than about 6.8 times the critical 

density. 

One more widely used equation of state with good accuracy is the Beattie- 
Bridgeman equation: 

p= + gy- 4. (10.79) 


where 


b Е 
А=А GITE (1-2). - 
9 v ? v^ оТ? 


There are five constants, Аз, Бо, a, b, and c, which have to the determined 
experimentally for each pas. The Beaitie-Bridgeman equation does not give 
satisfactory гевшік in the critical point region. 

Ali these equalions mentioned above reduce to the ideal gas equation for large 
volumes and temperatures and for very small pressures. 


10.6 Virial Expansions 


The relation between p? andp in the form of power series, as given in Eq. (10.1), 
may be expressed as . 


pU =А(1+Ҥр+С р +0 pt...) 
For any gas, from equation {10.3} 

lim pv =A= RT 

pod 


^ FOU EptCg DP +... (10.80) 


An alternative expression is 
pu _ » 
ET 1+ 5 + z + = + (10,81) 

Both expressions in Eqs (10.80) and (10.81) are known as vinal expansions or 
уша! equations of state, first introduced by ihe Dutch physicist, Kammerlingh 
Onnes, A’, С”, B, C, etc. are called virial coefficients. A’ and B are called second 
vinal coefficients, С and C are called thrid virial coefficients, and so on. For a 
given gas, these cocfBicients are functions of temperature only. 

The ratio p? / R T is called the compressibility factor, Z. For an ideal pas Z = 1. 
The magnitude of Z for à certain gas at а particular pressure and temperature 
gives an indication of the extent of deviation of the pas from the ideal раз 
behaviour. The virial expansions become 
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1=1+Вр+ Ср’ + Рр? +... (10.82) 
and z-1« 24 € 4 D. (10.83) 
г ғ ғ 


The relations between А”, С”, and В, C, ... can be derived as given below 


DU + Bnt+ Cr+ Dip +... 
zT p+ Cp + Рр 


ты 2 2 
+e (A) (+4444) le 
0. р г 


BRT BBRT+CORTY 
rr 


+ В АТС + СЧЕТ) + РТУ |, (10.84) 


-] 


t 
Comparing this equation with Eq. (10.81) and rearranging 
_ д2 
= 2 (C - CE. 
RT (AT) 
‚ D-3BC +28 


=—= ^» and $0 on 
(RT) 


Hm 


Therefore 


t... (10.85) 


The terms 8/5 , СИ? etc. of the virial expansion arise on account of molecular 
interactions. If no such interactions exist (at very low pressures) # = 0, C = 0, 


etc. 7-1 andpb = RT. 
10.7 Law of Corresponding States 


For a certain gas, the compressibility factor Z 15 a function of p and T 
[Eq.i(10.85)], and so a plot can be made of lines of constant temperature on 
codgdinates ofp and Z (Fig. 10.8). From this plot 2 can be obtained for any vatue 
of p and T, and the volume can then be obtained from the equation ре = ZRT, The 
advantage of using Z instead of a direct plot of v is a smaller range of values in 
plotting. 

For each substance, there is a compressibility factor chari. It would be very 
convenient i£ one chart could be used for al] substances. The general shapes of the 
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Fig. 10.8 — Fariation of the compressibility factor of inpdrogen шай 
En prevrure ad euxrutani temprratore 


vapour dome and of the consiant temperature lines on rhe p-p plane are similar 
for ali substances, although the scales may be different This similarity can be 
exploited by using dimensionless properties called reduced properties. The 
reduced pressure is the ratio of the existiog pressure to the critical pressure of the 
substance, and similarly for reduced tempemure and reduced volume. Then 


Pp ——3 ы; ЗЫ: 
E i, De 
where subscript ғ denotes the reduced property, and subscnpt c denotes the 


property at the critical state. 

At the same pressure and temperature the specific or mola! volumes of different 
gases are different. However, И is found fram experimental data that at the same 
reduced pressure and reduced temperature, the reduced volumes of different gases 
are approximately the same. Therefore, for all substances 


vr = f (Pp T) (10.36) 
Now, 
› = Eie 21 (10.87) 
т ZRP 2, р 


where Z, = PU This is called the critical compressibility factor. Therefore 


Е 
from Egs (10,863 and (10.871, 
Z=fi(p, Г. 2.) (10.88) 
Experimental values af Z, for most substances fall within a norrow range 


0,20—0.30. Therefore, Z, may be taken to be a constant and Eq. (10.88) reduces 
to 
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Z - f (p. T) (10.89) 

When 7, is plotied as a function of reduced pressure and Z, a single plot, known 

as the generalized compressibility chart, is found to be satisfactory for a great 

variety of substances, Although necessarily approximate, the plots are extremely 

useful in situtions where detailed data on a particular gas are lacking but its 
critical properties are available. 

The relation among the reduced ргорепіеѕ, p, Г., and v, is known as the law 

of corresponding states. ЇЇ can be derived from the various equations of state, 

such as those of van der Waals, Berthelot, and Dieterici. For а van der Waals gas, 


б + 5-0-0 RP 


where a, 6, апа А аге the characteristic constants of the particular gas. 


p- AL _ a 
v-b v 
3 - 
or po’ - (ph + RT) + av-ab=0 


It is therefore a cubic in г and for given values of p and T has three roots of 
which only (же need be real. For low temperatures, lhree positive real roots exists 
for a сегідіп range of pressure. As the temperature increases the three rcal roots 
approach one another and at the critical temperature Lhey become equal. Above 
this temperature only one real root exists for all values ofp. The critical isotherm 
T, at the critical state on [he р-2 plane (Fig. 10.9), where the three real roots of 
the van der Waals equation coincide, not only has a zero slope, but also ils slope 
changes at the critical state (point of inflection), so that the first and second 
derivatives of p with respect to v at Г = T. are each equal іо zero. Therefore 


ч= ч "m wn mme Uu eee eee 


сі 


c — — —- D 


| 
Fig. 10.9 Critical properties on p-o diagram 


ЕЗ s-e 4125.9 (10,90) 
др. | 


2 . 
(52) _~_@ RT, ба, j (10.91) 
до Т "= Т, È 
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From these two equations, by rearranging and dividing, 5 = 1% 
substituting the value of b in Eq. (10.90) 
9T v. 
Substituting the values of $ and & in Eq. (10.74) 
а 2 = Ба T 
[^ += { 3 ve) 97,0, 7 


Е 


а = 3p,v? 
Therefore, the value of R becornes 
8 pU 
A= іс с 
3 Т 


The values of а, b and A have thus been expressed in terms of critical 
. properties. Substituting these іп the van der Waals equation of state 


3p. v2 | | ) 8 pv, 
+E веки |= 
ғ р? | 4) 3 


3 


or 2. а твт 
| р. Aou 3) ЗТ, 
Using the reduced parameters, 


2 б +3, Jo, -1) = 87, (10.92) 
Г 

Іп the reduced equation of state (10.92) the individual coefficients а, b and R 
for a particular gas have disappeared. So this equation is an expression afthe/aw 
of corresponding states becaues it reduces the properties of all gases to one 
formula. It is a ‘law’ to the extent that real gases obey van der Waals equation. 
Two different substances are considered іп be in "corresponding states’, if their 
pressures, volumes and temperatures are of the same fractions (or multiples) of 
the списа! pressure, volume and temperatures are of two substances. The 
generalized compressibility chari in terms of reduced properties 15 shown ІП 
Fig. 10.10. [t 15 very useful in prediciting the properties of substances for which 
more precise data are not available. The value of Z at the critical state for a 


van der Waals gas is 0.375 (sie Й 9) At very low pressures 2 


с 
approaches unity, ағ а real gas approaches the ideal gas behaviour. Equation 
(10.92) can also be written in the following form 


(ри, + 3 ве, 1) = 87р, 
Ur 


ы 
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Fig. 10.10 |а) Generalized compressibility chart 
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Fig. 10.10 (6) Generaliced compressibility chart 


ET v 3 
ve = г. —— 10,93 
iin 3v, -l1 г, ues) 


Figure 10.11 shows the law of corresponding states in reduced coordinates, 
(рр) v5. p,. Differentiating Eq. (10.93) with respect to p, and making it equal to 
Zero, it is possible to determine the minima of the isotherms as shown below. 


Эр, |3г,-1 v, 
9 P 2| dv, 
or --—|——--—|[-——| 0 
dv, 30-і г, T др, T, 
Since Ed x 0 
dp, Т, 
д ER 3 
= с = = () 
dv, 30, -1 v |. 
8T, 3 
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Fig. 1041 Law of corresponding states in reduced coordinates 


3v, - 1): 
or 399, D ар = E + 3-5-0) 


о. г 
Simplifying 
(p) - Эф) + 6p, = 0 
This is the equation of a parabola passing through the minima of the isotherms 
(Fig. 10.9). 


When Pp, =4, * 
pu, = 0,9 
| 9( pv, ) - (ро)? 
Again м z P 
8%. 129.4 (рә) = 0 
d(p.v,) 
E рі; = 4.5 
2 
Р; = = 3.375 


The parabola has the vertex at ро, = 4.5 and р, = 3.375, and it intersects the 
ordinate at 0 and 9. 

Each isotherm up to that marked Т, has a minimum (Fig. 10.11}. The Ta 
isotherm has an initial horizontal portion (р.р, = constant) so that Boyle's law is 
obeyed fairly accurately up to moderate pressures. Hence, the corresponding 
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temperature is called the Boyle temperature for that gas, The Boyle temperature 
Tp can be determined by making 


| Apv) 
dp, 


Above the Boyle temperature, the isotherms slope upward and show no 
minima. 

As T. is reduced below the critical (i.e. for T, < 1), the gas becomes liquefied, 
and during phase transition isotberma are vertical. The minima of all these 
isotherms Не in the liquid zone. 

Van der Waals equation of state can be expressed in the virial form as given 
below 


| = (0 when p, = 0 
T, = Тр 


(p+ )о- в) RT 


2 E: 
= isos 2 Be (where 2 <1) 
U T U U 
ы ы 
^ -aqi+(o-2 +++. 10.94 
pe ] RT)v w y | (10.94) 


The second vinal coefficient 8 = b- a/RT, the third Уша coefficient 
C= E, etc. 
From Ед. (10.85), on mass basis 


po= RT(1+ ps SF p+) 


RT RT? 
To determine Boyle temperature, Ty 
Әр?) =0 = кА 
др 1-С ЕТ 
ұ-9 
B-0 
of Та = |, because B = b - — 
БЕ ЕТ 
The point at which В is equal to zero gives the Boyle temperature. The second 
virial coefficient is the most important, Since Ен = B, when B is known, 
рт 0 


the behaviour of the gas at moderate pressures is completely determined. The 


A 
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terms which contain higher power (CA, ОЛ, etc.) become significant only al 
very high pressures. 


10.8 Other Equations of State 


van der Waals equation is one of the oldest equations of state introduced in 1899, 
where the constants a and 5 are related to the critical state propenies as found 
earlier, 
272 
а = Зра? = ПКЕ p- Ly, _ 1. RI, 
64 3 8 p, 

The Beattie-Bridgernan equation developed іп 1928 is given іл Eq. 10.79, 
which has five constants. It 15 essentially an empirical enrve fit of data, and is 
reasonably accurate when values of specific volume are greater than 0.. 

Benedict, Webb, and Rubin extended the Beattie-Bridgeman equation of state 
to cover a broader range of states as given below: 


t 


RT ( E | RT-a) | 
BRT - А--- — 
р” р T iT v? + 55 


“әр ЕЭС ЕЭ 


[t has eight constants and is quite successful in predicting thep-v-T behaviour 
of light hydrocarbons. 

The Redlich-K wong equation proposed in 1949 and given by Eq. 10.77 has 
the constants a and 5 in tetms of critical properties as follows: 


212.5 
а= 0.4275 1 p= 00867 АЕ 
Pe Pe 


The values of the constants for the van der Waals, Redlich-K wong and 
Benedict-Webb-Rubin equations of state are given tn Table 10.1.1, while those 
for the Beattie-Bridgeman equation of state are piven in Table 10.1.2. Арап from 
these, many other multi-constant equations of state have been proposed. With the 
advent of high speed computers, equations having 50 or more constants have been 
developed for representing the p-v—T behaviour of diffcrent substances. 


10.9 Properties of Mixtures of Gases-Dalton's Law 
of РагНа] Pressures 


Let us imagine a homogeneous mixture 
of inert ideal gases at a temperature Т, 
a pressure p, and а volume РУ. Let us 
suppose there are л, moles of gas 4, 
n, moles of gas d^, ... and upto n, moles 


of gas A, (Fig. 10.12). Since there is no Fig. 10.12 Mixture of gases 
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Table 10.1.1 Constants for the van der Waals, Redlich-Kwong, and 
Benedict- Webb- Rubin Equations of State 


1. van der Waals and Redlich-Kwong: Constants for pressure in bars, specific volume 
in o/kmol, апа temperature in К 


van der Waals Redlich-Kwong 
а b п h 
à ү 3 3 x 3 
Substance ың m | T bar E | m. 

aN ot жш сді; іні - 
Air 1.368 0.0367 15.989 0.0254! 
Butane {С.Н |.) 13.86 0.1162 289.55 0.08060 
Carbon dioxide (СО) 3.647 0.0428 64.43 0.02963 
Carbon monoxide (CO} 1.474 0,0395 17,22 0,02737 
Methane (СН.) 2293 0,0428 32.11 0.02965 
Nitrogen (М) 1.366 0.0386 15,83 0.02677 
Uxygen (О,) 1.369 0,0317 17.22 0.02197 
Propane (С.Н) 9.340 0.0901 182.23 0.06242 
Refrigerant 12 10,49 0.0971 208,59 0.06731 
Sulfur dioxide (SO) 6.883 0,0569 144.80 0.03945 
Warer (НО) 5.531 0.0305 142,59 0.02111 


Source: Calculated from critical data. 


2. Benedict- Webb-Rubin: Constants for pressure in bars, specific volume in m3k mol, 
and temperature in К 


Substance da A b B c C ж 


y 
CH, 1.9073 10218 0.039998 0.12436 3.206 x 10° 1.006 x 10° 1.100 x 10? 6.0340 


СО, 0.1386 2.7737 0.007210 0.04991 1.512х №" 1.404 х 10° 47x 107 0.00539 


CO 0.037! 1.3590 0.002632 0.05454 L.054 х WE 8.576 x 1 1.350 x н 00060 
CH, 0.0504 1.8796 0,003380 0.04260 2.579 x 10° 2287x 10* 1244 x 0“ 0.0060 
м; 0,0254 1.0676 0.002328 0.04074 7,381x M &166x 10  1272x ИГ 0,0053 
Source: H.W. Cooper, and JC. Galdfrank, Hydrocarben Processing, 44 (12); 141 (1967). 

Table 10.1.7 


(a) The Beattic-Brideeman equanon of state is 
p= A {i -E je + B) - 4, where 4 safi - а) алд в= [1 - 2) 
й рТ t D D 
When P is in kPa, t is in то mol, Тізіп K, and А, = 8,314 kPa-m7/(kmol-K}, the 
five constants in the Beattie-Bridgeman equation are as follows: 


tras А, Во b с 
Аіг 131.8441 0.01931 0.0461] – 0.001101 43а x 10* 
Argon, Ar 130.7802 0.02328 0.03931 0.0 5,99 x 10 
Carbon dioxide, CO, 507.2836 0.07132 0.10476 0.07235 6.60 x 10° 
Helium, He 2.1886 0.05984 0.01400. 0.0 40 
Hydrogen, Н; 20.0117 -0.00506 0.02096 -0.04359 504 
Nitrogen, М, 136.2315 0.02617 0.05046 0.00691 4.20 x 10 
Oxygen, О, 151.0857 0.02562 0.04624 0.004208 4.80 x 10° 


Source: Gordon 1. Van Wylen aud Richard E. Sonntag, Fundamentals of Classical 
Thermodynamics, English SI Version, 3d ed., Wiley New York, 1986, p. 46. Table 3,3, 
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chemical reaction, the mixture is ід a slate of equilibrium with the equation of 
Slate 


рУ = (м +л, +... a) ЕТ 


where Е = 8.3143 kJ/kg mol К 
_ л RT „АТ п. ЁТ 
^ = L 4 pe t 4AM 
V [^ 
А n, RT . 
The expression represents the pressure that the Ath gas would exert if 


it occupied the volume F alone al temperature T. This is called the рагпа} 
pressure of the КІЛ gas and is denoted by p,. Thus 


_ RT mAT „ЕТ 
В” р «Бат V UV Pe = ү 
апа 
Вер +р +... tB. (10.95) 


This is known аз Dafton's law of partial pressures which states that the total 
pressure of a mixture of ideal gases is equal to the sum of the partial pressures. 


Now У= (п ++... лд КР 
Р 
RT 
= Ln m mm, 
к Р 
and the partial pressure of ihe Ath pas is 
ny RT 
py = "КГ 
Substituting the value of V 
_ ng RT: p EL 
Рк En, RT Eng P 
Now Lay =F) ta t+... Л. 
= Total number of moles of gas 
The ratio z К is called the mole fraction of the КІП gas, and is denoted by , 
By 
Жұ. 
Thus 
= Mm XI Е п) oof = Re 
i Үл, '? Ay UTC Ұлұ 


and р = Ip, h= Ip, -Pe х.р 
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or рлер (10.96) 
Also rtr. +r =} {10.97} 
[n a mixture of gases, 1f all but one mole fraction is determined, the last can be 
calculated from tbe above equation. Again, in terms of masses 
p,V = mAT 
Pa = тв 
. рей = М.Г 
Adding, and using Dalton's law 
pF = (mR; + mR +...+ м ROT (10.98) 
where Pept prt... ТР. 
For the gas mixture 
РЕ oim, tm +... tm.) Raf (10,99) 
where А is the gas constant for the mixture. From Eqs (10.98) and (10,99) 


Ra mA + mk +--+ т.б (10.100) 
т, Ет; ++ т, 

The gas constant of the mixture ік thus the weighted mean, оп a mass basis, of 
the gas constants of the components. 

The total mass of pas mixture m is 

тем +... tM, 

If И denotes the equivalent molecular weight of the mixture having n tolal 

number of moles. 
nu = Ay Hj t nu +... Ең” 

^ Ех xut --. + Keble 
ac H = хуну (10.101) 

A quantity called the partial volume of a component of a mixture is the volume 


that the component alone would occupy at the pressure and temperature of the 
mixture, Designating the partial volumes by Vj, Fa, etc. 


PV, = m, RT, pV, = mR, ..., pV, = МКТ 


or PUY, Ё, +... Vm (m Rb м, +... + m ROT (10.102) 
From Eqs (10.98), (10.99) and (10.102) 
V- VE. + И, (10.103) 


The total volume is thus equal to the sum of the partial volumes. 
The specific volume of the mixture, v, 15 given by 


т, + т; ++: +m, 
F 


H 


| 
ог — 
о 
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or 1 = ++ (10.104) 
U 

where 0, Va ... denote specific volumes of the components, each component 

occupying the total volume. 


Therefore, the density of the mixture p — p, t p; +... ғр, (10.105) 


10.10 Internal Energy, Enthalpy and Specific 
Heats of Gas Mixtures 


When gases at equal pressures and temperatures are mixed adiabatically without 
work, as by tpter-diffusion in a constant volume container, the first law requires 
. thatthe internal energy ofthe gaseous system remains constant, and experiments 
show that the temperature remains constant. Hence the internal energy of a 
mixture of gases 15 equa] to the sum of the intemal energies of the individual 
components, each Laken at the temperature and volume of the mixture (i.e. sum of 
the ‘parua]’ internal energies). This is also true for any of the thermodynamic 
properties like H, С, Сы, 5, F and С and is known as Gibbs theorem, Therefore, 
on а mass basis ` 


PI, туш, + ти; Tuc тш, 


„„= Du T mado Eo + тен, (10.106) 
m, т; +: +m, 
which is the average specific internal energy of the mixture. 
Similarly, the total enthalpy of a gas mixture is the sum of the ‘paral’ 
enthalpies 
mh, = түйү + mh, +... muh. 
mh, + Mah + ж-. + т.й. 


and и (19,107) 
m, ту t+ mM, 


From the definitions of specific heals, it Follows that 


= түсү, + тс, tc mc, (10 108) 
m m, mom, | 


_ тұсы, + mcr. Tee тс 


апа ы (10.109) 


c 
d my + ту ++ т, 


10.11 Entropy of Gas Mixtures 


Gibbs theorem states that the total entropy of a mixture of gases is the sum ofthe 
partial entropies. The partial entropy of one of the gases ofa mixture is the entropy 
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that the gas would have if it occupied the whole volume alone at the same 
temperature. Let us imaginge a number of inert ideal gases separated from one 
another by suitable partitions, all the gases being at the same temperature T and 
pressure p. The total eutropy (initial) 


не tnt... n. 
= Аңұзұ 
From property relation 
Tás = dh — vdp =c,d7 - vdp 
di ca RE 
T 
The entropy of 1 mole of the Ath gas at T and p 


_ qr = _ 
sk 7 Је т Rin р+ Sox 


where 3g 15 the constant of integration. 


_ 1{- d? 5х 
5; = REm( = Je, T + 7% --ІП p) 
-1(- АТ, 5 
Let a= gl т 
then S; = Rin, (Gy – Шр) (10.110) 


АЙет the partitions are removed, the gases diffuse imo one another at the same 
temperature and pressure, and by Gibbs theorem, the entropy of the mixture, 5р is 
the sum of the partial entropies, with cach раз exerting its respective panial pres- 
sure. Thus 


5- R Engl - lo pg) 


Since Рк = тұр 
$: = КЕпусу- ln xy — In p) (10.111) 
A change in entropy due to the diffusion of any number of inert ideal gases is 
Sp- S; =-А Фик Ш xy (10.112) 
аг Se- S; 2 -R (п, In x, * nj In x; +... +n, In x,) 


Since the mole fractions are less than unity, (S5 — 5;) is always positive, 
conforming to the Second Law, 
Again 


S-S,- Аһ In Be Ay In +- t n. in 2.) (10,113) 


which indicates that each gas undergoes in the diffusion process а ее expansion 
from total pressure p to the respective pariial pressure at constant temperature. 
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Similarly, on a mass basis, the entropy change due to diffusion 


S,- 5, = Em, Ry In " 
-- (ms In #1 + mR, In £2 +... + m. К. in 2) 
p P p 


10.12 Gibbs Functon of a Mixture of Inert 


Ideal Gases 
From the equations 
dh =c dT 
Ч; =F ЯТ _ Roe 


P T p 
the enthalpy and entropy of 1 mole of an ideal gas at temperature T and pressure 
pare 


Therefore, the molar Gibbs function 
Е = В - Т5 


= hy + Ја ат-та, S 7% -RTinp 


Now Ге) | чао + | оды uU 
Let -lovo-[edr 
Then т ват = | тайт» Je er(- Jar 
=. ЧТ 
BE 
fe, dT - The, 7 ЧТ. __ грі ay 
Therefore 
Jaar dT 


ЧТ — Ts, + RT пр 


= ho- T| +77- 
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RT R”! т: 
Lat 
o- A. 103547 EE (10.114) 
RT R^ Т? R | 
Thus &=RT(¢+Inp) (10.115) 


where ¢is a function of temperature only. 
Let us consider a number of inert ideal gases separated from one another at the 
вате Гапар 


С; = Ілу gy 
= ÈT Eng (fy + inp) 
After the partitions are removed, the gases will diffuse, and the partial Gibbs 


function of a particular gas is the value of G, if that gas occupies the same volume 
at the same temperature exerting а partial pressure py. Thus 


бұз RT Eng (fy + In py) 
= RTEnj( fy + Inp + Inxy) 
Therefore 
Ge- Gi = RT En, ху (10.116) 


Since xy < 1, (C— Су) is negative becauese G decreases due to diffusion. 
Gibbs function of a mixture of ideal gases at T and p is thus 


G = RT Eng (Hy + np + in xy) (10.117). 


SOLVED EXAMPLES 


Example 10.1 Two vessels, А and В, both containing nitrogen, are connected 
by a valve which is opened to allow the contents to mix and achieve ап” 
equilibrium temperature of 27°C, Before mixing the following information 15 ' 
known about the gases in the two vessels. ' 


Fessel d Vessel В 
р =1.5 MPa р =0.6 МРа 

t = 50°С t = 20°С 
Contents = 0.5 Крис! Contents = 2.5 Ер 


Calculate the final equilibrium pressure, and the amount of heat transferred to 
the surroundings. If the vessel had been perfectly insulated, calculate the Anal 
lémperature and pressure which would have been reached. Take у = !.4. 


Solution For Ше gas in vessel А (Fig. Ех. 10,1) 


- 
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Fig. Ex. 10.1 


PV, =n, RT, 
where У, is the volume of vessel 4 
1.5 x 105 x V, = 0.5 х 8.3143 x 323 
V, = 0.895 m 
The mass af gas in vessel 4 
ТА — НАНА 
= 0.5 kg mol x 28 kg/kgmol 
= 14 kg 
Characteristic gas constant of nitrogen 


_ 83143 
28 


К = 0.297 kJ/kg K 


For Ше vessel В 
Pen = mg RT, 
0.6 x 10° x Fa = 2.5 x 0.297 x 293 
JU Fa = 0.363 m° 
Total volume of 4 and 8 
К= „+ Fy = 0.895 + 0.363 


= 1.258 т? 
Total mass of gas - 0l 
т= т, + тр = 14 + 2.5 = 16.5 kg 
Final temperature аЙет mixing 
Г= 27+ 273 =300K 
- For the final condition after mixing 
pV =mRT 


where p is Lhe final equilibrium pressure 
М рх 1258 = 16.5 x 0,297 x 300 
_ 16.5 x 0,297 x 300 


1.258 
= 1168.6 КРа 


= 1.168 MPa 


——— 367 


масла 
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o- R _ 0.297 
" ү-1 04 
= 0.743 Ле К 


Since there is no work transfer, the amount of heat transfer 
О = change of internal energy 
=U, - 0; 
Measuring the internal energy above the datum of absolute zero (at T= ОК, 
u = 0 kJ/kg} 
Initial internal energy U, (before mixing) 
= MaC a + тас, 
= (14 x 323 + 2.5 x 293) x 0.743 
= 3904.1 kJ 
Final internal energy U, (after mixing) 
-тсұҒ 
= 16.5 х 0.743 x 300 
= 3677.9 kJ 
as О = 3677.9 — 3904.1 =- 226.2 kJ Ans. 
If the vesels were tnsulated 
01-4, 
М,с,Тл + тас, Га = тс,Г 
where T would have been the final temperature. 
ra А T, + пы? 


т 
_ 14x 323 + 2.5 x 293 
16.5 
n іл 45,59С Ans, 


The final pressure 


= 318.5 К 


_ тЕТ _ 16.5 х 0.297 х318.5 
р _ 1.258 

= 1240.7 kPa 

= 1.24 МРа 


Example 10.2 А certain gas has с, = 1.968 and c, = 1.507 kJ/kg K. Find its 
molecular weight and the gas constant. . 

А constant volume chamber of 0.3 т? capacity contains 2 kg of this gas at 5°C. 
Heat is transferred io the eas until the temperature is 100°C. Find the work done, 
the һеш transferred, and the changes in internal energy, enthalpy and entropy. 


Solution Gas constant, 
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R =c,- e, = 1.968 - 1.507 


= 0.461 kJ/kg K 
Molecular weight, 
R 8.3143 
= = = 18.04 К | 
PUR 0461 Ето 


At constant volume 
Qi a 7 me, (5-7 0) 
= 2 x 1.507 (100 - 5) 
= 286.33 kJ 
Change in intemal energy 


i 
W127 | piv- 0 
1 


г, - U, - Qs = 286.33 kJ 
Change in enthalpy 
Н, -H, ш тс, 05 – i 
= 2 x 1.968 (100 ~ 5) = 373.92 К] 


Change in entropy 
Т, 
$,—5, = тс, In = -2x 1.507 In 373 
1 278 
= 0,886 КҮК 


т---- 35% 


Ans, 


Ans. 


ARS. 


Example 10.3 (а) The specific heats of a gas are given by c, = a+ kT and 
сұл b+ KT, where а, b, and Ё are constants and Тізіп Ж. Show that for an 


isentropic expansion of this gas 
Тү? eT = constant 


(b) 1.5 kg of this gas occupying a volume of 0.06 m? at 5.6 MPa expands 
isentropically until the temperature is 240°C. If a = 0.946, b = 0.662, and 


k= 107, calculate the work done in the expansion. 
Solution 


(а) Cp ey Hat kT- b ЕТ 
-a-b-R 
Now ds =e, Ч. pte. 
T v 


= (b+ dL + (а – p) =b 3T. атъ (а Б). 
T р T р 


For an isentropic process 
bln T +47 + (a - b) Ino = constant 
E To"? KT = constant 


(Q.E.D.) 
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(b) R-2a-b20346 —0.662 = 0.284 kJ/kg К 
Т, = 240 + 273 = 513 К 
т = РЙ 5.6 х 10° х 0.06 
‚ = РЕ 


LIT T = 788.73 К =789 К 
mR 15х02 ` 


‘ Tds = di + d¥=0 


Ho 

= 1.5 | (0.662 + 0.0001 T)dT 
$13 

= 1.5 [0.662 (789 — 513) + 107% 0.5 {(789)7 — (813) 
= 1.5 (182.71 + 19.97) 
= 304 К] Ans, 


Example 10.4 Show that for an ideal раз, the slope of the constant volume line 
on the Г diagram is more than that of the constant pressure line. 


— й 


Fig. Ex. 10.4 


Solunon We have, for 1 kg of idea! gas 
Ius = du + pdv 
zc, dT t pdv 


. T 
Since с.>с.-->--- 
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6) ^), 


This is shown in Fig. Ex. 10.4. The slope of the constant volume line passing 
through point A is steeper than that of the constant pressure line passing through 
the same point (Q.E.D.) 


Example 10.5 0.5 kg of air is compressed reversibly and adiabatically from 
80 kPa, 60°C to 0.4 MPa, and is then expanded at constant pressure to the original 
volume, Sketch these processes on the р-г and 7-5 planes. Compute the heat 
transfer and work transfer for the whale path, 

Solution The processes have been shown on the р— and 7-s planes in 
Fig. Ex. 10.5. At state | 


pi V, = mRT, 


Fig. Ex. 10.5 


F, = volume of air at state 1 


Since the process 1-2 is reversible and adiabatic 


{ү -1)/ 
в [в] y 
1 Р\ 
Т. 409 fl4-))/1.4 
ор 


2, T, = 333 x (Sy = 527 К 
For process 1—2, work done 
.BAh-ph^ mR(-T) 
y -l 7-1 
_ 1/2 x 0.287(333 - 527) 
0.4 


№, › 
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For process 2-3, work done 


= 163.2 kJ 
^. Total work transfer 
И =Й t FF, 
= — 69.6 + 163.2 = 93.6 KJ Ans. 
For states 2 and 3 
ыз -Bh 
7, 1, 


^ T, = TH. = 527 x 3.162 = 1667 К 
Р, 


Total heat transfer 
O = O12 + Da = Qa = me (Ty - Т.) 
= ]/2 ж 1.005 (1667 — 527) 
= 527.85 kJ Ans. 


Example 10.5 A mass of air is initially at 260°C and 700 kPa, and occupies 
0.028 m`. The air is expanded at constant pressure to 0.084 т”. А polyiropic 
process with ^ = 1.50 is then carried out, followed by a constant temperature 
process which completes а cycle. Ail the processes are reversible. (a) Sketch the 
cycle in the p—v and 7-5 planes. (b) Find the heat received and heat rejected in the 
Cycle. (c) Find the eHiciency ofthe cycle. 


Solution (а) The cycle is sketched on the р-р and T-s planes in Fig, Ex. 10.6. 


Given p, = 700 kPa, 7, = 260 + 273 = 533 К = Г, 
- 0.028 m? 
V, = 0,084 m? 
From the ideal gas equation of state 
ру, = maT, 
_ 700 x 0.028 


= (.128 kg 
0.287 x 533 
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Now T _ AA _ 0.0084 _, 
Т АЙ 0,028 
Г. =3 ж 533 = 1599 К 
п/(а – 1) ЕТЕ 
- p Т, (15%) СИ 
п “E =| =| == = (3 = 27 
id Py 533 Gy 


Heat transfer in process 1-2 


Qi; = me, C47 Г) 
20.128 x 1.005 (1599 - 533) 
- 137.13 kJ 
Heat transfer іп process 2-3 


О, 3 = AU + [ pdy 


mR(T, — Г,) 


= me, (7, - T, + | 
я |- 


= mc, at (7; - Ta) 
т — 


1.5 – 1.4 
15-1 


= 0.128 x 0.718 x 


(533 — 1599) 


= 0.128 x 0.718 x TC 1066) 


=- |9,59 kJ 
For process 3—1 
dQ-dUrdHW-dH 
l 2 
О: = І pdF = mRT| 1а —L 
з £ 


= mRT, In 23 = 0.128 x 0.287 x 533 In Ea 
Р 21 
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= – 0.128 x 0287 x 533 x 3,2959 


=- 64.53 Е! 
(b) Heat received in the cycle 
С! = 137130 
Heat reyected іп the cycle 
О. = 19.59 + 64.53 = 84,12 kJ ARS, 
(с) The efficiency of the cycle 
Meee =l- r3 -1- a =1-061 
= 0.39, or 39% Ans. 


Example 10.7 A mass of 0.25 kg of an ideal gas has a pressure of 300 kPa, a 
lemperature of 80°C, and a volume of 0.07 пе. The раз undergoes an irreversible 
adiabatic process to a final pressure of 300 kPa and final volume of 0.10 m, 
during which the work done оп the gas is 25 kJ. Evaluate the c, and c, of the gas 


and the increase in entropy of the gas. 
Solution From 
ph, = МЕТ, 
.. 300х007 . 0.238 kJ/kg K 
0.25 x (273 + 80) 


Final temperature 


ҒА? 300x01 _ 
Т. = = zs Қ 
2 mR 025х 0,218 


Now 
Q-(U-U)* = me, (7,-7,)+ 
0 = 0.25 c,(505 — 353) - 25 
25 
Cy = 025x152 = 0.658 kJ/kg K 
Now срт 6, = R 
c, = 0.658 + 0.238 = 0.896 kJ/kg K 


Entropy change 


S; - 5, = mc, In fa + mc, tn —2 
Р\ 01 
0.10 
0.07 
= 0.224 x 0.3569 = 0.08 kJ/kg K Ans. 


Example 10.8 А two-stage air compressor with perfect inlercooling takes in 
air at | bar pressure and 27°С. The law of compression in both the stages ispv ^? 


Р 
= mc, In —t =0.25х 0.896 In 
Р, 
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= constant. The compressed air is delivered at 9 bar from the H.P. cylinder to an 
air receiver. Calculate, рет kilogram of air, (a) the minimum work done and (b) 
the heat rejected to the intercooler. 


Solution The minimum work required in a two-stage compressor 1$ given by 


Eq. (10.65), 
y = 2781 |( рь т-а _| 
°п-1 р 


2 x 1.3 x 0.287 x 300 
— 93 [py ^ E 1] 


= 26 x 0.287 x 100 x 0.287 = 214.16 Кр Ans.(a} 


р» = УР =J1x9 =3 bar 


T n-l/n 
42 = (2) = 39.313 . | 28856 
T р\ 

Г, = 386.56 К. 


Heat rejected to the intercooler 
= 1,005 (386.56 - 300) 
= 86,99 kJ/kg | Ans.(b) 


Example 10.9 А single-acting two-stage air compressor deals wilh 4 m/min 
of air at 1.013 bar and 15°C with a speed of 250 rpm. The delivery pressure is 80 
bar. Assuming complete intercooling, find the minimum power required by the 
compressor and the bore and stroke of the compressor. Assume a pistong speed of 
3 туз, mechanical cfficiency of 75% and volumetric efficiency of 80% per stage. 
Assume the polytropic index of compression in both the stages to Бел = 1.25 and 
neglect clearance. 

Solution 


р› = pp. = 41015 X 80 = 9 bar 


Minimum power required by the compressor 


. 2 n-1/n 1 
л-1 B Песь 


0.297125 
_ 2х1.25 | 1013x100. e 9 | -1| 


0.25 0.75 60 | 1.013 


= 1013 х4 0.548 4934 kW Ans. 


ІҒІ, be the stroke length of the piston, 


N 
2L — = 3 пу 
so 8 
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90 x 100 
Е -36 
250 36 cm Ans 


Effective LP swept volume = 4/250 = 0.016 m? 
AY x 0.36 x Ay = 0.016 


p= |Г.0016х4 
ІР ¥.n x 0360.8 


= 0.266 m = 26.6 cm Ans, 
mH = P; 
f, Т, 
ВА 
И P3 
я 
qael _ 1013 
др 9 
4 
Dap = 0.266 (208 
= 0.0892 m = 8.02 cm Ans, 


Example 10.10 А single cylinder reciprocating compressor has a bore of 
120 mm and a stroke of 150 mm, and is driven at a speed of 1200 rpm. И is 
compressing СО. from a pressure of 120 kPa and a temperature of 25°C toa 
temperature of 215°C. Assuming polytropic compression with a = 1.3, no 
clearance and a volumetric efficiency of 100%, calculate (а) the pressure ratio, 
(b) indicated power, (c) shall power, with a mechanical efficiency of 80%, 
(d) mass Поч rate. 

На second stage of equal pressure ratio were added, calculate (е) the overall 
pressure ratio and (£) bore of the second stage, if the same stroke was maintained. 


Solution (а) With respect to Fig. Ex. 10.10, | 


488 ЕЛІК 
= (ТУТ morn = (488) = 
Pypi = УТ) 298 


(b) ЖЗА 200.12)? x 0.15 = 0.0017 m? 


Ans. {a} 


— 2-1 
= nh (р/р) 1] 
i x 120 x 10? x 0,0017 [(8.48) 13 — |} = 563.6 J 


1200 


Indicated power — 563,6 x = 11.27 kW Ans. (b) 
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Fig. Ex. 19.10 


(с) Shaft power = vet = 14.1 kW Ans. (с) 


(d) Volumetric flow rate = 0.0017 x E = 0.034 m/s 


. př 120x10 х 0.034 _ 
= = 0.0725 k Ans. (д 
™ "RT (8314/44) x 298 ys ns. (d) 


(e) Ifa second stage were added with the same pressure ratio, the overall pressure 


ratio would be 

n 

2. = (2) = (8.48) = 71,9 Aas. (е) 
Pi / oll Р! 
(f) Volumetric delivery per cycle is Г. 
Since pV = Pak 
Un 113 
y, = (A. хи = E x 0.0017 
nm 8.48 
= 0.00033 m`. 


If the second stage would have а swept volume of 0.00033 т?, with the same 
stroke, 


5-42 x 0.15 = 0.00033 


d=53 mm Ans. (f) 


Example 10.11 A mixture of ideal gases consists of 3 kg of nitrogen and 5 kg 
of carbon dioxide at a pressure of 300 kPa and а temperature of 20°C. Find (a) the 
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moje fraction of each constituent, (b) the equivalent molecular weight of the 
mixture, (c) the equivalent gas constant of the mixture, (d) the partial pressures 
and (Бе partial volumes, (e) the volume and density of the mixture, and (f) the c, 
and c, of the mixture. 

If ihe mixture is heated at constant volume to 40°C, find the changes in internal 
energy, enthalpy and entropy ofthe mixture. Find the changes in internal energy, 
enthalpy and entropy of the mixture if the heating is done at constant pressure. 
Take yfor CO, and М. to be 1.286 and 1.4 respectively. 


Solution 
(а) Since mole fraction x, = M 
En, 
ERN 
= 28 = 
Xy, = =a = 0.465 
і ЕЗ + ЕЗ 
28 44 
EE 
44 
Xco, ^ yg = 0.515 dns. 
ri 3 + 5 
28 44 
(b) Equivalent molecular weight of the шіхшге 
= 0.485 x 28 + 0.515 x 44 
= 36.25 kg/kg mol ` "n 


(c) Total mass, 
т= ты. + тс =3 +5 = 8 КЕ 
Equivalent gas constant of the mixture 


в = Tha Rn, + тоо, Reo, 


FH 
8.3143 8.3143 
OT 52574. 0894094 
8 MEN 
= 0.229 kJ/kg К Ans. 
{4} Pu, құр = 0.485 x 300 = 145.5 kPa 
Poo, = хсо,'Р = 0.515 x 300 = 154.5 kPa 
8.3143 
и = my, Кы, T - x 28 x 255 = 0.87 m? 
p 300 


Veg, = — m  ———293923m* Ans. 
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(е) Total volume of the mixture 


_ 8x 0,229 x 293 
300 


V = 1.79 m? 


Density of the mixture 


= 4.46 kg/m? Ans. 
(D Con, 7 Сун, = Км, 
„Кн __ 83143 
"2 y-] 28х(14-1) 
= 0.742 kJ/kg К 
Con, = 1.4 0,742 
= 1.039 kJ/kg К 
For CO;, y= 1.286 


Roo, 8.3143 

= 002 = ӨЗ - 066l kg К 

бсо; y]  44x0286 ш 
Coco, = 1.286 x 0.661 = 0.85 kJ/kg К 

For the mixture 


с = My CoN + Mico, Срсо; 
P ты; + Meo, 
= 3/8 x 1.039 + 5/8 x 0.85 
0.92 kJ/kg К 


г = тыы, + Men, со, 
¥ 


т 
= 3/8 x 0.742 + 5/8 x 0.661 = 0.69 Јр К Ans. 
If ihe mixture is heated at constant volume 
U,- U, = me, (D, Г) 
= § x 0.69 x (40 – 20) 
= 110.4 kJ 
H,- H, = me (T; - Т) 
=8x 0.92 x20 = 147.2 kJ 
by — 5, = me, In 22 + mag 10 Р. 
Т 7 


- Т, 313 
= In — = 8 x Ü. іп —— 
те, In B x 0.69 x In 293 
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= 0.368 kJ/kg К Ans, 


If the mixture is heated at constant pressure, AU and AH will remain the same. 
The change in entropy will be 


S,- 5, = me, In 2 -mR 22 


i А 
= me, In 2 =8x0.92 In 313 
Т 293 
= 0.49 kJ/kg K Ans. 


Example 10,12 Find the increase in entropy when 2 kg of oxygen at 60°C are 
mixed with 6 kg of nitrogen at the same temperature. The initial pressure of each 
constituent 18 103 kPa and is the same as that of the mixture. 


Splution 


Entropy increase due to diffusion 


AS =- то, Ro, In 292 — my, Ry, In =: 


--2 ($99 In 0.225 —6 ЕЭ In 0.775 
32 28 ! 
= 1.2314 kJ/kg К. Ans. 


Example 10.13 Тһе gas neon has a molecular weight of 20.183 and its critical 
temperature, pressure and volume are 44.5 К, 2.73 MPa and 0.0416 m’/kemol. 
Reading from a compressibility chan for a reduced pressure of 2 and а reduced 
temperature of 1.3, the compressibility factor Z is 0.7. What are the corresponding 
specific volume, pressure, temperature, and reduced volume? 

Solution Аїр. = 2а T, = 1.3 from chart (Fig. Ex. 10.13), 2 = 0.7 


р= 2х 2.13 = 5.46 MPa Ans, 
= 1.3 


Mm 


Т = 1.3 х 44.5 = 57.85 К Ans. 
pu = ZRT 
_ 0,7 x 8.3143 х 57.85 
20.183 x 5.46 x 107 
= 3.05 x 107 m?/kg 


Properties of Gases and Gas Mixtures —— 381 


2-07 
Т, = 1,3 


2 -- --р 


Fig. Ex. 10.13 


3.05 x10? x 20.183 
416 x 107? 
8 Ans. 


p = —— = 


Т 


D 
Ue 
1.4 


Example 10.14 For Ше Berthelot equation of state 


ЖТ а 
0-% То? 
show that (а) lim (RT — pv) = 0 
pod 
T— m 
^_^ 
(6) m T Б р 


(c) Boyle temperature, Tg = "m А 


2. . 1 208 Ча 
d) Critical properties р. = —— ‚т. = 36, T= , 
td) Ре Tapy 3b 57 | эзы 


(е) Law of corresponding states 


CE 1) = 87, 


Тер 
Solution 

RT ü 
а = — 
(a) P v-b T 
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or RE ly. 4-5 - 4 
Р рот pv*T 
b 
|  Т-р--4--ір- 22 
pU Р er 
lim (RT- ру) = 0 Proved {а) 
foe | 
ЕТ а ab 
(b) Now v= — = —— tbt 
р pI put 
р В a b ab 
T ті + ies 
T p pT T pT 
_ р К 
ТТ р Proved (b) 
b 
с =RT~ — + bp + = 
(с) ро vT Р wT 


The last three terms of the equation are very small, except at very high 
pressures and small volume. Hence substituting v = RT/p 


ap abp? 
-RI-—L + bp + 
p? кї 7^5 RPT 
ESSE ы 
dp |, RT RT 
when p = 0, T= Ty, the Boyle temperature 
a = 
RT 
or Tp = TE Proved (d) 
RT а 
а = - 
(d) P s-b Ты 
ЕЗ _ __ ВЕ 2а 
U утат, (и. -5)° Топ; 
(22 = 2 ба |, 
00° ды, (0, -bY Тош 


а 
|» + zi e- b) = ЕТ, 


By solving the three equations, as was done in the case of van der Waals 
equation of state in Article 10.7 
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| |2аК fa 
= — | и = 3b, and Т, = Proved (d 
Pe Tae зь A Путь ved (4) 
(е) Solving the above three equations 
12 
a= а = Зр, v. Т, 
0 8 pU 
b= 6, R= — — (so that Z, = 3/8 
Substituting in the equation 
(P* up о-в RT 
2 
ЕРЕ? лтан (>- 5.) 172423 T 
Тр" 3 3T. 
p, + Lu lo,- 1) = 87 
1,9; 
This is the law of corresponding states. Proved (e) 


REVIEW QUESTIONS 


19.1 
10.2 
10.3 
10,4 
10.5 
10.6 
10.7 
10.8 
10.9 


10.10 
10.11 
10.12 
10.13 
10.14 
[0.15 


10,16 
10.17 


10.18 


What is a mole? 

What is Avogadro's law? 

What 15 an equation of state? 

What 15 the fundamental property of gases with respect to the product pv? 
What is universal раз constant? 

Define an ideal gas. 

What is the characteristic gas constant? 

What is Boltzmann constant? 

Why do the specific heats of an ideal gas depend only on the atomic structure of 
the pas? 

Show that for an ideal gas the intemal energy depends only on ils tempernmye, 
Show that the enthalpy of an ideal gas is a function of iemperamre only. 

Why is there no temperature change when an idea) gas is thronled? 

Show that for an ideal gas, c, — c, = К, 

Derive tbe equations used for computing the entropy change of an ideal gas. 
Show that for a reversible adiabatic process executed by an ideal gas, the 
following relations hold good: (i) pv! = constant, (ii) Tut = constant, and 
(iti) Tp ^ 9" = constant, 

Express the ehanges in internal energy and enthalpy of an ideal gas in a reversible 
adiabatic process in terms of the pressure ratio, 

Derive the expression of work transfer for an ideal gas in à reversible isolhermal 
process. 

What is а polytropic process? What are the relations among р. V and 7 of an ideal 
gas in a polytropic proccas? 
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19,19 


10,20 


10.21 


10.22 


10.23 


10.24 
19.25 
19.26 


10.27 


10.28 
10.29 
(0.30 


10.3! 


10.32 
10,33 
19.34 
10,35 
10.36 
10.37 
10.38 
10,39 
10,40 


10.41 
10,42 


Show that the entropy change between states 1 and 2 in a polytropic process, 
po? = constant, is given by the following relations: 

2 "СҮ ну В. 

(7 - Dn- b f 

—5-?Y pig Pt 

nly – 1) P 


war E A-Y Ta 
ІШ) 4, —5, =- —5 R In — 
27-45 y- о, 


(1} 43-5) = 


(I) 5-5" 


What are the expressions of work transfer for ap ideal gas in a polytropic process, 
if the gas is: (D a closed system, and (u) a steady [Tow system? 

Derive ће expression of heat transfer fot an ideal pas in а polytropic process, 
What is the polytropic specific heat? What would be Lhe direction of heat transfer 
ifia) n7 y, and (b) н< y? 


p 
Why is the extemal work supplied to a compressor equal to — | рар? 

Pi 
Why does isothermal compression need minimum work and adiabatic 
compression maximum work? 
Whal is Ше advantage of staging the compression process? 
What 1 meant by perfect intercooling? 
Show that the optimum intermediate pressure of a two-stage reciprocating 
compressor for minimum work is the geometric mean of the suction and 
discharge pressures. 
Explain how the use of intermediate pressure for minimum work resulis in equal 
pressure ratios in the two stages of compression, equal discharge temperarares, 
and equal work for the twa stages. 
What is Lhe isolhermal е[Псїепсу of a compressor? 
Define volumetric efficiency ofa compressor. 
Why does ihe volumetric efficiency of a compressor decrease: fa) as lhe clearance 
increases for Ще given pressure ratio, (b) as che pressure ratio increases for the 
green clearance? 
Write down Ure van der Waals equation of state. How does it differ from the idea! 
gas equation of sie. What is force of cohesion? What is co-volume? 
What are the two-consiant equations of state? 
Give the vinal expansions for py in terms of p and t. 
What are virial coefficients? When do they become zero? 
What з= the compressibility factor? 
What are reduced propenies? 
What is the generalized compressibility chart? 
What is the law of corresponding states? 
Express the van der Waals constants m terms of critica] propenies. 
Draw the diagram representing the law of corresponding states in reduced 
coordinates indicating ihe isotherms and the Наша and vapour phases. 
Define Boyle temperature? How is it computed? 
State Daiton’s law of partial] pressures. 


10,43 
10,44 


10.45 
10.46 


10.47 
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Flow is the partial pressure in a gas mixrure related to the mole fraction? 

How are the characteristic gas constant and the molecular weight of a gas mixture 
computed? 

What is Gibb's theorem? 

Show that in a diffusion process a gas undergoes a free expansion from the total 
pressure ig the relevant partial pressure. 

Show that in a diffusion process at constant temperature the entropy increases 
and the Gibbs function decreases. 


PROBLEMS 


10.1 


[0.2 


10.3 


10.4 


[0.5 


10.6 


10.7 


10.8 


10.9 


10.10 


What is the mass of air conlained in a room 6 m x 9 m x 4 m if ihe pressure is 
101.325 kPa and the temperature is 25°C? 
Ans. 256 kp 
The usua] cooking gas (mostly methane} cyclinder is about 25 cm in diameter 
and 80 cm in height. It is charged wœ 12 MPa at room temperature (27°C). 
(а) Assuming the ideal gas law, find the mass of gas filled in the cyclinder. 
(b) Explam how the actual cyclinder contains nearly 15 kg of pas. (c) If the 
cylinder is to be protected against excessive pressure by means of a fusible plug, 
вт whet temperature should the plug melt іп fimit the maximum pressure to 15 
MPa? 
А certain pas has c, = 0.913 and c, = 0.653 kJ/kg К. Find the molecular weight 
and lhe gas constant Я of the pas. 
From an experimental determination the specific heat mtio for acetylene (CH) 
is found to 1.26. Find the two specific hears, 
Find the тоја! specific һезіз of menatomic, diatomic, and polyatamic gases, if 
iheir specific heat ratios are respectively 5/3, 7/5 and 4/3. 
A supply of natural gas is required on а site 800 m above storage level. The gas at 
— [50°C, |.) bar from storage is pumped steadily to a point on the site where its 
pressure is 1.2 bar, its temperature 15°C, and ils Лом rate 1000 те, TE the 
work transfer to the gas at the pump is 15 KW, find the heat transfer со the pas 
between Ihe two points. Neglect Іле change іп К.Е. and assume that the gas has 
the properties of methane (СН,) which may be trealed as an ideal gas having 
= 1.33 (g = 9,75 ш/а). 

Ans. 63.9 kW 
A constant volume chamber of 0,3 m? capacity contains | Ед of air at 5°C. Heat 
ig transferred to the air until the temperature is 100°C. Find the work done, the 
heat transferred, and the changes in intemal energy, enthalpy and entropy. 
One Ер of air in a closed system, плиз у at 5°C and occupying 0.3 m^ volume, 
utylergoes а constant pressure beating process to 100°C. There is no work other 
thm pde work. Find (a) the work done during the process, (b) the heat 
transferred, and (с) the entropy change of the gas. 
0. | та” of hydrogen initially at 1.2 MPa, 200°C undergoes a reversible isothermal 
ехралчіоо to 0.1 MPa, Find (a) the work done during ihe process, (b) the heat 
transferred, and (c) the entropy change of the gas. 
Air in a closed stationary system expands in a reversible adtabalic process from 
0.5 MPA, 15°С to 0.2 MPa. Find the final temperature, and per kg of air, the 
change in enthalpy, the heat transferred, and the work done. 
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10.11 


£0.12 


10,13 


10.14 


10.15 


16.16 


10.17 


10.18 


[Р the above prosess occurs in an open steady from system, find the fina! 
temperature, and per kg of air, the change in internal состру, the heat transferred, 
ant the ай work, Neglect velocity and elevation changes. 
The indicator diagram for а сегініп water-cooled cyclinder and piston ait 
compressor shows thal during compression po? = constant. The compression 
stare at 100 kPa, 25°C and ends at 600 kPa. if the process is reversible, how 
much heat is transferred per kg of air? 
An ideal gas of molecular weight 30 and y= 1.3 occupies a volume of 1.5 m^ at 
100 kPa and 77°C. The gas is compressed according to the law po! 25 = constant 
lo а pressure of 3 MPa. Calculate the volume and temperature at the end of 
compression and heating, work done, heat transferred, and the total change of 
entropy. 
Calculate the change of entrepy when 1 kg of air changes from a temperature of 
330 К and a volume of 0.15 m w a temperarure of 550 К aud а volume of 0.6 m`. 
If the air expands according to the law, рі = constant, between the same end 
siates, calculate the heat given to, ot extracted from, the air during the expansion, 
and show thal jt is approximately equai to the change of entropy multiplied by the 
mean absolute temperature. 
0.5 kg of aur, initially at 25°C, is heated reversibly at constant pressure until the 
volume ік doubled, and 15 then heated reversibly ar constant volume until the 
pressure ts doubled. For the total path, find the work transfer, the heat transfer, 
and the change of entropy. 
Ал ideal gas cycle of three processes uses Argon (Mol. wi. 40) as в working 
substance, Process 1-2 із a reversible adiabatic expansion from 0.014 т”, 
700 kPa, 280°С to 0.056 m^. Process 2-2 is а reversible isothermal process. 
Process 3-1 13 a constant pressure process in which heat transfer is zero. Sketch 
the cycle in the p— and T-s planes, and find (a) the work transfer in process 1-2, 
{Бу the work transfer іп process 2-3, and (c) the net work of the сусіс. Take 
y= 1.67. 

Ану. (a) 8.83 KJ (by 8.96 іс) 5.82 К] 
А gas occupies 0.024 т? at 700 kPa and 95°C, [t is expanded in the non-lloaw 
process according to the law ро!“ = constant to a pressure of 70 kPa after which 
1 15 heated at constant pressure back to 15 original temperature. Sketch the 
process on the р— and Г-5 diagrams, and calculate for the whole process the 
work donc, the heat transferred, and the change of entropy. Take C, = 1.047 and 
Е, = 0.775 keg K for the gas. 
0.5 kg of sir at 600 kPa receives an addition of heat at constant volume so that 115 
temperarure mees from 110°C to 650°C. ft then expands in a cyclinder 
polytrepically to 115 anginal temperature and the index of expansion 19 1.32. 
Finally. it is compressed isnthermaly іп ия onginal volume. Calculate (а) the 
change of entropy dunne each of the three steges, (b) ihe pressures at the end of 
constant volume heat addilion and at the end of expansion. Sketch the processes 
on the р-г and Т-ғ diagrams. 


10,19, 0.5 kg of helium and 0.5 kg of nigrogen arc mixed at 20°C and at a total pressum 


of 100 kPa. Find (a) the volume of the mixture, (b) the partial volumes of the 

components, (c) the partial pressures of the componenis, (d) the mole fraclions of 

the components, (e) the specific heats c, and c, of the mixture, and (f) the gas 
constant of the mixture. 

Ans. (a) 3.481 m? (b) 3.045, 0.436 m? (c) 87.5, 12.5 kPa 

(d) 0.875, 0.125 (e) 3.11, 1.921 КИК (f) 1.129 kJ/kgK, 


i020 


10.21 


10.22 


10.23 


10.24 


10,25 


10,26 
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^ paseous mixture consisls of 1 kg of oxygen and 2 kg of nitrogen at a pressure of 
150 kPa and a temperature of 20°C. Determine the changes in intemal energy, 
enthalpy and entropy of the mixture when the mixture is heated to 2 temperature 
of 100°C {а} at constant valume, and (b at constant pressure. 
А closed rigid cyclinder із divided by а diaphragm into two сама] compartments, 
each of volume 0,1 m*, Each compartment contains air at a temperature of 20°C. 
The pressure in one compartment is 2.5 MPa and in the other compartiment is 1 
МРа. The diaphragm is ruptured so that the air n both the companmenb; mixes 
м bring the pressure ta a uniform valus throughout the cylinder which is 
insulated. Find the net change of entropy for the mixing process. 
А vessel is divided into three compartments (а), (b), and (c) by two partitions. 
Part (a) contains oxygen and has a volume of O. 1 m", (b) has a volume of 0.2 m? 
and contains nitrogen, while (c) is 0.05 т? and holds СО.. All three parts are at 
a pressure of 2 bar and а Lempetature of 13°C. When the partitions are removed 
ond the pases mix, determine the change ef entropy ef each constituent, ihe Бла} 
pressure in the vessel and the panial pressure of each gas. The vessel may be 
laken as being completely isolated From its surroundings. 

Ans, 0.0875, 0.0783, 0.0680 КУК; 2 bar; 0,5714, 1,1329, 0.2857 bar, 
А саго cycle uses 1 kg of air as the working Avid. The maximum and minimum 
temperatures of the cycle ace 6400 К and 300 K The maximum pressure of the 
cycle is 1 MPa and the volume of the gas doubles during the isothermal heating 
process. Show by calculation of net work and heat supplied that the efficiency ік 
the maximum possible for whe given maaimum and minimum temperatures, 
An ideal gas cycle consists of three reversible processes in the following 
sequence: (aj constant volume pressure cise, (b) isentropic expansion to г times 
the initial volume, and (c) сопзіапі pressure decrease in volume. Sketch the cycle 
on the p—v and T-s diagrams. Show that the efficiency of the cycle is 


r'-I-yír-1) 


Пк” 
сус "1-1 


Evaluate the cycle efficiency when y= and r = 8. 


Ans. (7j = 0.378) 
Using the Dieterici equation of state 


RT e| - a | 
2—5 AT? 


P= 


(а) show that 


a а 
= p 22b, Г. = 
Pe dep * * ARh 


(b) expand іп the form 
B: C 
ро = Ar (1 +2454...) 
г р 
(c) show ibat 


T = 
P д 
The number of moles, lhe pressures, and the temperatures of gases a, В, and c are 
given as follows 
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10.27 


10.28 


10.29 


10.30 


10.31 


10.32 


Gas т (kg той p (kPa) iC) 
М. 1 350 100 
CO 3 420 200 
D 2 700 300 


If фе containers are connected, allowing the gases to mix freely, find (а) the 
pressure and tempetature of the resulting mixture at equilibrium, and (b) the 
change of entropy of each conshruent and that of the mixture. 
Calculate the volume of 2.5 Кр moles of sieam at 236.4 atm. and 776.76 K with 
the help of compressibility factor versus reduced pressure graph. At this volume 
and the given pressure, whai would ihe temperature be із K, if steam behaved 
like а van der Waals pas? 
The critical pressure, volume, and iemperatere of steam are 219.2 atm, 
57 стр mole, and 647.3 К respectively, 
Two vessels, 4 and B, each of volume 3 m my be connected together by a tube 
of negligible volume. Vessel А contains air at 7 bar, 95°C while В contams air at 
3.5 bar, 205°C, Find the change of entropy when 15 connected w B. Assume the 
mixing to be complete and adiabatic. 

Aas. (0.975 kJ/kg К) 
An ideal gas at temperature T, is heated at constant pressure to T. шкі then 
expanded reversibly, according to the law mi" = constant, unti] the temperature 15 
once again 7,. What is the required value of л, if ihe changes of entropy during 


ihe separate processes are equal? 
Ans. „= 27 | 
7+! 


А certain mass of sulphur dioxide (50-) is contained in а vessel of 0.142 m 
capacity, at à pressure and demperature of 23.! bar and 18°C respectively. А 
valve 15 opened momenlanly and the pressure falls imumediately to 5.9 bar. 
Sometime later the temperature із again 18°C and the pressure is observed to be 
9.1 bar. Estimare the value of specific heat ratio. 


Ans, 1.29 
A gaseous mixture conmins 21% by volume of nitrogen, 50% by volume of 
hydrogen, and 29% by volume of carbon-dioxide, Calculate the molecular weight 
of ihe mixture, the characteristic gaa constant А for the mixture and the value of 
the reversible adiabatic index y. (At 10°C, the c, values of nitrogen, hydrogen. 
and carbon dioxide are 1.039, 14,235, and 0.828 kJ/kg К respectively.) 
A cyclinder canlains 0.025 m? of the mixture at 1 bar and 10°С. The gas 
undergoes a reversible non-flow process during which its volume is reduced io 
one-fikth of ils onginel value. If the law of compression is ро’? = constant, 
determine the work and hesi transfers in magnitude and sense and the chenge in 
eniropy. 
Ans. 19.64 kp/kg mol, 0.423 kJ/kg К. 1.5365, — 16 KJ, - 724 ЕТ - 0.31 ЕРМЕ 
Two moles of an ideal gas at temperature Т and pressure p are contained in a 
comparunenL ln an adjacent comparrment is one mole of an ideal gas at 
temperature 27 and pressure р. The gases mix adiabatically but do not react 
chemically when 2 parution separating the compartments is withdrawn. Show 
that the entropy increase due to ihe mixing process i5 given by 


10,33 


10.34 


10.35 


10.36 


10.37 
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Rf in 22 , m32) 
4 у-1 М 
provided that the gases are different and that the гапо of specific heat y is ihe 
same for both gases and remains constant. 
What would the entrony change be if the mixing gases werc af the same species? 
n, moles of an ideal gas пі pressure p, and temperature Tare in one comparument 
of an insulmed container. п an adjoining compartment, separated by a partition, 
are m, moies of an ideal gas at pressure p, and temperature T. When the partilion 
is removed, calculate {a} ihe fine) pressure of the rmixrute, (b) the entropy change 
when ihe gases are identical, and (c) dhe entropy change when the gases arc 
different. Prove that the entropy change in (c) is the same os that produced by Two 
independent free expansions. 
Assume that 20 kg of steam are required at а pressure of 600 bar and a 
temperature of 730°C in onler to conduct а parucualar experiment, A 140-ге 
heavy duty lank is available for storage. 
Predict if tbis is an adequate storage capacity using: 
(a) the ideal gas theory, 
(b) the compressibility factor chan, 
(c) the van der Waals equation with a = 5.454 (lire) atmigmal)’, b = 0.03042 
Irtreg/grol for scam, 
£d) the Mollier chart 
(e) the steam tables, 
Estimate tie error in each. 

Ans. (а) (37.73 /, db) 132.51 2, {<} 124,94 F (e) 137.291 
Estimate the pressure of 5 kg of CO, gas which occupies a volume of 0,70 m? at 
75°C, using the Beattie-Bridgeman equation of state. 
Compare this result with the value obtained using the generalized compressibility 
chart. Which is mere accurate and why? 
For CO; with units of atin, litres/g mo) and К, 4j = 3,0065, a = 0.07137. 
8, = 0.10476, b = 0.07235, C x 107 = 66.0. 
Measurements of pressure and temperature at various stages in on adiabatic am 
turbine show thoi the states of air he on the line pol = coustant. If Kinetic and 
gravitational potential energy are neglected, prove that the shaft work рег Ер asa 
function of pressure is given by the following relation 


1:3 
ү=35рю [1-21] 
P| 
Take yfor ait as 1,4, 


Air flows sleadily into à compressor at a temperature of 17°C and à pressure of 
1.05 bar and leaves 21 a temperature of 247°C and a pressure ай 6.3 har. There 15 
no heat transfer to ar from Ше air as it flaws through the compressor, changes in 
elevation and velocity are negligible. Evaluate the extemal work done per kg of 
air, assuming air as an ideal pas for which Я = 0.287 КЕЕ K and y= 1.4. 
Evaluate ihe minimum external] work required to compress the air adiabatically 
from the same initial state to the same final pressure and the isenuopic efficiency 
of the compressor. 

Ans. — 225 ki ‘kg, — 190 kJ/kg, 84.4% 
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А slow-speed reciprocating alt compressor with à water jacket for cooling 
áppreximares в guasi-srattc compression process following a path pv = const. 
lf air enters at a temperature of 20°C and a pressure of 1 bar, and is compressed 
to ú Dar af a rate of 1000 kgh, determine the discharge temperature of air, the 
power required and the heat transferred per Кр. 
Ang. 443 К. 51.82 KW, 36 ЕЕ 
А single-acting two-stage reciprocating air compressor with complete 
intercadting delivers 6 Қайтып at 15 bar pressure, Assume an intake condition of 
l bar and 15°C and thai the compression and expansion processes are polytropic 
with a= 1.3, Calculate: (a) the power required, (b) the isothermal efficiency. 
Ans, (а) 26.15 KW (b) 85.6% 
A Owo-stage air compressor receives 0,238 m/s of air at 1 Баг and 27°C and 
discharges it at 10 Баг. The роіуігеріс index of compresston is 1.35. Determine 
(а) the minimum power necessary for compression, (b) the power needed for 
single-stage compression to the same pressure, (c) the maximum temperature for 
(a) and (Б), and (d) ihe heat removed in the intercooler. 
Ans. (а) 63.8 kW, (b) 74.9 kW, (с) 404.2 К, 544.9 К, (d) 28.9 kW 
А mass of an ideal gas exists initiallv at а pressure of 200 kPa, temperature 
300 K, und specific volume 0.5 чер. The value of yis 1.4. (а) Detennine the 
specific heats of the gas. (b) What is the change in entropy when the gas ts 
expanded to pressure 100 kPa according to the law рт! 3 = const? (c) What will 
be the entropy change ifthe path is po! ^ = const. (by the application of a cooling 
jocker during the process)? (d} What is the inference you can draw from this 
example? 
Ans. (a) 1.166, 0.833 Кр К, (b) 0.044 kivkg K (c) - 0.039 kJ/kg K 
(d) Entropy increases when л < yand decreases when n > y 
(a) A closed system of 2 kg of air initially at pressure 5 atm and temperature 
227°C, expands reversibly to pressure 2 atm following the iaw pal? 
= const. Assuming air ая an ideal gus, determine the work done and the heat 
transferred. 
Ans. 193 ЕТ, 72 ЕТ 
(b) If the system does the same expansion in a steady flow process, what 15 the 
work done by the system? 
` Ans. 241 kJ 
Алг contained im a cylinder Oued with a piston is compressed reversibly according 
w the Jaw pu! = const. The mass of pir in the cylinder is 9.1 kg. The initial 
pressure 15 100 kPa and the initia! temperature 20°C. The final volume is 1/8 of 
the типа! volume. Determine the Work and the heat transfer, 
Aas, — 22.9 kJ, — 8.7 kJ 
Airis contained in a cylinder fined with a frictioniess piston. Initially the cylinder 
contains 0.5 rn" of air at 1.5 bar, 20°C. the air is then compressed reversibly 
according ta the Jaw pr" = constent until the Gnal pressure is 6 bar, at which 
poimt the temperature is 120°, Determine: (a) the polytropic index л, {b} the 
final volume of air, (c) the work done on the air and the heat transfer, and {d} the 
net change in entropy 
Ans. (а) 1.2685, (b) 0.1676 m? (с) - 95,3 КІ, - 31.5 kJ, (d) 0.0153 КУК 
The specific heat at constant pressure for air {5 given b 
Cy = 0.9169 + 2.577 x 10 T ~ 3.974 x 10 p kJ/kg К 
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Determine the change in intemal energy and that in eotropy of air when it 
undergoes а change of state from 1 atm and 298 K to a temperature of 204 K лі 
ihe same pressure. 
Ans. 1470.4 kl/kg, 2.1065 Ее К 
A closed system allows nitrogen to expand reversibly from a volume of 0.25 m? 
to 0.75 m^ along the path pu! ^^ = const. The original pressure of ihe gas is 
250 kPa and its initial temperature is 100°C. (a) Draw the p—p and T-s diagrams. 
(b) What are the final temperature and the final pressure of the gas? (c) How 
much work is done and how much heat is wansferred? (d) What is the entropy 
Change of nitrogen? 
Ans. (b) 262.44 К, 58.63 kPa, (c) 57.89 KJ, 11.4 KT, (d) 0,0362 KIK 
Methane haa а specific heat at constant pressure given by c, = 17.66 + 0.06188 7 
kl/kg mol K when і kg of methane is heated at constant volume from 27 to 
500^C. Hf the initial pressure of the gas is 1 atm, calculate the final pressure, the 
heat transfer, the work done and the change in entropy. 
Ans, 2.577 atm, 1258.5 kJ/kg, 0, 2.3838 kJ/kg К 
Air із compressed reversibly according to the law рю! = const. from an initial 
pressure of | bar and volume of 0.9 m? toa final volume of 0.6 m`. Determine the 
final pressure and the change of entropy per kg of air, 
dns. 1.66 bar, - 0.0436 kJ/kg K 
In a heat engine cycle, air is isothermally compressed. Heat is then added ai 
constant pressure, after which the air expands iseetropically to ils otigival state. 
Draw the cycle onp-r and 7-5 coordinates. Show that the сусе efficiency can be 
expressed іп the folowing form 
= ir -linr 
yir 1) 
where r is the pressure ratio, p/p. Determine the pressure ratio and the cycle 
elTicieney if the iniual temperature is 27°C and the maximum temperature is 
327°C. 
Ans. 13.4, 32.4% 
What is the minimum amount of work required to separate 1 mole of air at 27°C 
and | atm pressure (assumed composed of 175 O and 4/5 М.) into oxygen and 
nitrogen cach at 27? C and 1 atm pressure? 
Ans, 1250 J 
A closed adiabatic cylinder of volume 1 m is divided by a parition into two 
coinpariments 1 and 2. Compartment 1 has a volume of 0.6 m^ and contains 
methane at 0.4 MPa, 40°C, while comparument 2 has a volume of 0.4 т? and 
contains propane at 0.4 MPa, 40°C. The paniion is remaved and the gases are 
allowed 10 mix. (а) Wher the equilibrium state is reached, find the entropy 
change of the universe. (b) What are the molecular weight and the specific heat 
ratio of the mixture? 
The mixture is now compressed reversibiy and adiabatically іп 1.2 MPa. 
Compute (c) the final temperature of the mixture, (d) the work required per шін 
mass, and (е) the specthe entropy change for each gas. Take c, of methane and 
propane as 35.72 and 74.56 ki/kg mol K respectively. 
Aas. (a) 0.8609 КИК (b) 27.2, 1.193 (с) 100.9°С (d) 396 kJ (e) 0.255 kI/kg К 
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Ап ideal gas cycle consists of the following reversible processes: {1) isentropic 
compression, (ii) constant volume heat addition, (11) isentropic expansion, and 
(iv) constant pressure heat rejection. Show that the elTiciency of this cycle is 
given by 


I 
n=l - |26 тақ 
^, a-1 

where ғ, rs Ше compression ratio and а is the ratio of pressures after and before 
heat addition. 
Ал engine operating on the above cycle with a compression ratio of 6 staris the 
compression with air st | bar, 300 K. If the ratio of pressures after and before heat 
addition is 2.5, calculate the efficiency and the m.e.p. of the cycle. Take у= 1.4 
amd c, = 0,713 КЛ е К. 

Ans. 0.579, 2.5322 bar 
The telation between u, p and v for many gases is of the form y = a + Бро where 
a and b are constants. Show that for à reversible adiabatic process, po! = constant, 
where y= (b  1yb. 
(a) Show that the slope of a reversible adiabatic process on p-v coordinates is 


(В) Hence, show thal for an idea! gas, po" = constant, for a reversible adiabatic 
process. 
А cerlain gas obeys the Clausius equation of state ріп ~ Б) = RT and bas its 
internal energy given by u =c, T. Show that Ше equation for a reversible adiabatic 
process is {о — b)" = constant, where ү = сус, 
(а) Two curves, une representing а reversible adiabatic process undergone Бу ап 
ideal gas and the other an isothermal process by the same gas, intersect at the 
вате point on the ро diagram. Show that the ratio of the slope of the adiabatic 
curve to the slope of the tsothermal curve is equal to y. (b) Determine the ratio of 
work done during a reversible adiabatic process to the work done during ап 
isa hermal process for a gas having y= 1.6. Both processes have а pressure ratio 
of fi. 
Two containers p and g with rigid walls contain two different monatomic gases 
with masses m, and лт, gas constants A, and А, and initai] temperatures 7, аты} 
T, respectively, are brought in contact with each other and allowed to exchange 
energy until equilibrium :s achieved. Determine: (2) the Onal temperature of the 
two gases and (bj the change of entropy due to this energy exchange. 
Тһе pressure of a certain gas (photon gas) is a function of temperanure only and is 
related to the energy and volume by p47) = (1/3) СР). А system consisting of 
this gas confined by a cylinder and a piston undergoes a Carnot cycle between 
wo pressures p, and рз. (а) Find expressions fer work and heat of reversible 
iscthermal and adiabatic processes. (by Plot the Carnot cycle on р-у and T-s 
diagrams. іс) Determine tbe efficiency of the cycle іп terms of pressures. (d) 
Whai ss the functional relation between pressure and temperature? 
The gravimetriz analysis of dry au is approximately: oxygen = 23% nitrogen 
= 77%, Calculate: (a) the volumetric analysis, (b) the gas constant, (c) the 
molecular weight, (d) the respective partial pressures, £e) the specific volume at 


10.60 


10.61 


10.62 


10.63 


10.64 


Properties of Gaits and Gas Mixture -—— 393 


l atm, 15°C , and (T) How much oxygen must be added to 2.3 kg air to produce a 
mixture which is 50% oxygen by volume? 
Аяз. (a) 21% Q., 79% N., (b) 0.288 KJ'kg K, (4) 21 kPa for O^, 
(=) 0.84 m kg, (£) 1.47 kg 
А vessel of volume 2F is divided into two equal compartments, These are filled 
with che same ideal gas, the temperature and pressure on one side of the parition 
being (py, Ту) and on the other (р., T5), Show that ifthe gases on the two sides are 
allowed to mix slowly with no heat entering, the (nal pressure aad temperature 
will be given by 


p= Р.+Р q= Tht + рі) 
РІ + РГ 
Further, show that the entropy gain is 


sser (3 А. In 2 + Рі ty t- Pi tg P2 Pg. "4 
ЕДІ 1 n 1n n A h ру; 
А single-acting air compressor has a cylinder of bore 15 cm and the piston stroke 
is 25 em, The crank speed is 600 rpm. Air taken from the atmesphere £1 atm, 
27°С) is delivered at 11 bar, Assuming polytropic compression po! ^* = const., 
find the power required to dove the compressor, when is mechanical efficiency 
is 80%. The compressor has a clearance volume which is 1/20th of the stroke 
volume. How loog will it take to deliver ! т? of air at the compressor outlet 
conditions. Find the volumetric efficiency of the compressor. 
Ang. 12.25 KW, 3.55 min, 72% 
A multistage air compressor compresses air from | bar to 40 bar. The nuximum 
temperature їп апу slage ia not to exceed 400 К, (a) UW the law of compression for 
all the stages is pv’? = const., and the initial temperature is 300 К, Find the 
oumber of slages for the minimum power input. (b) Find ibe intermediate 
pressures for optimum compression as well as the power needed. (c) What is the 
heat transfer in each of the intercooler? 
Ans. (a) 3 (b) 3.48 bar, 12.1 bar, 373.1 Ека fc) 100.5 Юр 
An ideal gas with a constant volume of cp = 29,6 J/gmol-K is made to undergo а 
cycle consisting of the following reversible processes in а closed system: 
Process [-2: The gas expands adiabatically from 5 MPa, 550 К to 1 Mpa; 
Process 2-3: The gas is heated at constant volume until 550 K; Process 3-1: The 
gas is compressed isothermally back to its initial condition. 
Calcwlate the work, the heat and the change of entropy of ihe gas for each af the 
three processes. Draw tbe p— and T— diagrams. 
Ans. W, = 4260 J/gmol, 01-0, As, , = 0. 
НЕ, = 0, Daa = 4760 I/gmoi, Абу = = 9.62 
J/gmol-K, B, , =- 5290 Hol = Qay 
Азу = - 9.62 I/gmol-K, Ж, – Qu, = — 1030 


Jg/gmoi, } 95 = 0 

Air in a closed sysiem expands reversibly and adiabatically from 3 MPa, 200°C 

to two times its inital volume, and then cools at constant volume until the 

pressure drops to 0.8 MPa, Calcnlate the work done and heat transferred рет kg 
of air. Use c, = 1.017 and с, = 0.728 ki/kgK. 

Ans, 82.7 р, — 78.1 Ша 
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А vessel is divided into three compartments (а), (b) and (c) by two partitions. 
Pari (а) contains hydrogen and has a volume of 0.1 m”, part (b) contains nitrogen 
and has а volume of 0.2 т? and рап (c) contains carbon dioxide and has а volume 
of 0.05 m”. АП the three paris are a1 a pressure of 2 bar and a temperature of 
13°C, The parritions are removed and the gases are allowed to mix. Determine 
(a) the moiecular weight of tbe mixture, (b) the characteristics gas constant for 
the mixture, (c) Ше partial pressures of each gas, (d) ihe reversible adiabauc 
index y, and (e) the entropy change due ta diffusion. The specific heaw of 
hydrogen, nitrogen and carbon dioxide аге 14.235, 1.039 and 0.828 КЕК. 
respectively. 
The above gas mixture is then reversibly compressed to a pressure of 6 bar 
according to the law ро!“ = constant, (f) Determine the work and heat 
interactions in magnitude and sense, and (g) the change in entropy. 
Ans. (a) 22.8582 (b) 0.3637 kI/kgK (c) py, = 0. 5714, py, = 1.1428, 
Poo, = 0.2858 bar (d) 1.384 (е) 0. 3476 kI/kgK {В - ~ 70. 455 КГ 
— 33,772 kf (g) - 0.1063 КУК. 
А four cylinder single-stage air compressor has а bore of 200 mm and a stroke of 
300 mm and runs at 400 rpm. At a working pressure of 721.3 kPa it delivers 
3.1 o of air per min at 270°C. Calculate (a) the mass flow rate, (b) the free air 
delivery (FAD? (c) effective swept volume, (d) volumetric efficiency. Take Ше 
inlet condition as that of the free air at 101.3 kPa, 21°C. 
Ans, (a) 0,239 kg/s (b) 0.199 m/s (c) 0.299 irr, (d) 79.256 
A single stage reciprocating air compressor has а swept volume of 2000 ст? and 
runs at 800 rpm. И operates on a pressure ratio of 8, with a clearance of 5% of the 
swept volume. Assume NTP room conditions, and at inlet, and polytropic 
compression and expansion with я = 1.25. Calculate {а} the indicated power, 
(b) volumetric efTiciency, (с) mass flow rate, (d) the free air delivery FAD, (e) 
isothermal efficiency, (Г) actual power geeded to drive the compressor, if the 
mechanical efficiency is 0.85, 
Ans. {a} 5.47 kW (b) 78.695 (c) 1.54 kp/min (d) 1.26 m/min, 
(€) 80.7%. (D) 6.44 kW 
A bwo-stage single-acling reciprocating compressor lakes in air at the rate of 
0.2 m/s, Intake pressure and temperature are 0.1 MPa and 16°С respectively. 
The атг 15 compressed to a final pressure of 0.7 MPa, The intermediate pressure is 
ideal, and intercooling is perfect. The compression index is 1.25 and the 
compreaser mns at 10 tps. Neglecting clearance, determine (2) the intermediate 
pressure, (b3 the total volume of each cylinder, іе) the power required to drive the 
compressor, (d) the rate of heat absorption m the intercooler. 
Ans. (a) 0.264 MPa (b) 0.0076 m h.p. and 0.02 m? 1р cylinder 
(c) 42,8 kW (1) 14.95 kW 
A 3-slage single-acting ан compressor running m an atmosphere at 1.013 bar 
and 15°C has a free air delivery of 2.83 m/min. The suction pressure and 
temperature are 0.98 bar and 32°C respectively. The delivery pressure is ta be 
72 bar. Calculate the indicate power required, assuming complete intercooling, 
t = 1.3 and that the compressor 15 designed for minimum work. What will be the 
heat logs to the intercoolors? 
Ans. 25.568 kW, 13.78 kW 
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10.20 Predict the pressure of nitrogen gas at T = 175 К and v = 0.00375 m'/kg on the 
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basis of (a) the ideal gas equation of sate, (b) the van der Waals equation of stew, 
{с} the Beathie-Bndgeman equation of slate and (d) the Benedici-W ebb-Rubin 
equation of state. Compare the values obwined with the experimentally 
determined value of 10,000 kPa. 

Ans. (а) 13,860 kPa (b) 9468 kPa (c) 10,1]0 kPa (d) 10,000 kPa 
The pressure in an automobile tyre depends on che temperature of the air in the 
tyre. When the air temperature is 25°C, the pressure gauge reads 210 kPa. Uf the 
volume of the tyre is 0.025 m`, determine the pressure rise in the tyre when the air 
temperature im the tyre rises to 50°С, Also find the amount of air that must be 
bled off to restore pressure to ity ongina! value at this temperature, Take 
atmospheric pressure as 100 kPa. 
Two tanks arc connected by a valve. One tank cantains 2 kg of CO gas at 77°С 
and 0.7 bar. The other tank holds 8 ke of the same gas at 27°С and 1.2 баг. The 
valve is opened and the gases are allowed to mix while receiving energy bv heat 
transfer from the surroundings. The final equilibrium temperature is 42°C, Using 
the ideal gas model, determine (3) the final equilibnum pressurc, (b) the heat 
transfer for the process. 

Ans. (а) 1.05 bar (b) 37 ?5 kJ 
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Equilibrium and Third Law 


11.1 Some Mathematical Theorems 


Theorem 1 Ifa relation exists among the variables x, y, and z, then г may be 
expressed as a function of x and y, or 


ANS dz| _ 
lf %) = М, and E3l =} 
then dz = M dr + N dy, 


wherez, Af and N are functions ofx and y. Differentiating M partially with respect 
to y, and N with respect to x 


ЕЗ _ 0% 
dy J, дх-ду 
(9) ЧЕ 
ax}, 2у-д: 


am) (ан 
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This is the condition of exect (or perfect) differential. 


Theorem 2 Ifa quantity fis a function of x, y, and г, and a relation exists 
among x, y and т, then fis a function of any two of x, y, and т. Similarly any 
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one of x, у, and z may be regarded to be a function of / and any one of x, у, and z. 
Thus, if 


x=x(f, y) 
Ox dx 
| s) y ЕЗЕ 


y 7 y( 2) 
_{ dy | 
o E E | dz ы 


Substituting the expression of dy in the preceding equation 
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Theorem 4 Among the variables x, у, and 2, any one variable may be 
considered as a function of the other two. Thus 


Similarly, if 


Similarly, 
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Among the thermodynamic variables p, F, and T, the following relation holds 


” BBE 


11.2 Maxwell's Equations 


A pure substance existing in а single phase has only two independent variables. 
Of the eight quantities р, F, T, 5, L, H, F (Helmholt function), and G (Gibbs 
function) amy one тау бе expressed as a function of any two others, 

For a pure substance undergoing an infinitesimal reversible process 


(а) dt = TdS - pdV 
(b) dH = dU + pdF + Гар = Тая + Рар 
(c) dF = dU - Тая - SdT = – pd F — SdT 
(d) dG= dH - Td — SaT- Гар — SdT 
Since U, H, F and C are thermodynamic properties and exact differentials of 
the type 
dr = M dx + № dy, then 


(5%) 
ду), АФ), 


Applying this to the four equations 


ar \ _ (ap 
ir) Gs), ше. 


- (11,5) 
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These four equations are known as Maxwell's equations. 
113 А5 Equations 


Let entropy 5 be imagined as a function of T and V. Then 


95 95 
ds = ЕЗ У. dV 


м8) а 8) 


білсе Г ЕЗ = Çp beat capacity at constant volume, and 
v 


ЕЗ! -[22 E Maxwell's third equanon, 


97 9Т 
ras~C,ar+7( $2.) dV 
dT jy 
This is known as the flrs: 745 equation. 
Mf 5-5 (T, p) 
_( 28) qp (38 
TOOR 
_ {35 as 
msrap) ат 92) Ф 
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Since Sr) ems] (%) 
ду 
ihen Таз = С,4Г- "7% 


This is known as the second TaS equation. 


11.4 Difference in Heat Capacities 


Equating the first and second TdS equations 


- aV dp 
Tds = CT - 5) #7 сат» т 32) ағ 
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С,-С, (9У С,-С, (9), 
Both these equations give 
б-т) (ar. 
- ( 
s-«--r(2£ (8) m 


This is a very important equation in thermodynamics, It indicates the following 
important facts, 
ОР P » dp , 
(а) білсе | ---| is always positive, and | —— | for any substance is nega- 
97), QV A 

tive, (C, — Су) 18 always positive. Therefore, C, is always greater than C,. 
(b) As7 0 K, C, — C, ог at absolute zero, C, = Cy 
(c) When ЕЗ = {) (е,р., for water at 4°C, when density is maximum, or 

р 

specific volume minimum), C, = C,. 

(d) For an ideal gas, pF = mRT 


ЕЗ „mR Y 
oT р P Т 
and ЕЗ - "АТ 
ағ у 
Ср - С, = mR 
ar C,—-c,7 В 


Equation (11.10) may also be expressed in terms of volume expansivity (д), 
defined as 
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-1/ oF 
р | or | 
and isothermal compressibility {т}, defined as 


-..l[9F 
" (SF). 


2 
ТУЙ (11.11) 


115 Ratio of Heat Capacities: 


At constant $, Ше two 745 equations become 


Ph 
C, dT, - - ЕЗ ау, 
OT Jy 
t2 
| Cp --1%) ЕЗ ЕЗ = Avs Ly 
С, OT J dp AA OF Je ЕЗ 
Voy 
Since у> 1, 
ЕЛШЕ? 
= | | —= 
д АЛ 
Therefore, the slope of an (sentrope is greater than that of an isotherm оп 2-І) 
diagram (Fig. 11.1). For reversible and adiabatic compression, the work done is 
28 
W,- i, - hi | vdp 
t 
= Area 1-25-2-4-1 
For reversibie and isothermal compression, the work done would be 
2T 


Ит = йти = | ойр 


1 


= Area 1-27—3—1-1 
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Fig. 11.1 Compresiion work in different reversible processes 


A, < F, 

For polytropic compression with i < n € y, the work done will be between 
these two values. So, isothermal compression requires minimum work (See Sec. 
10.4). 

The adiabatic compressibility (4,) is defined as 


оғ у= ЁТ. (11,12) 


11.6 Energy Equation 


For a system undergoing an tofimtesimal reversible process between two 
equilibrium states, the change of intemal energy is 


dU =T dS — pd ¥ 
Substituiing the first T df equation 


- Sz) _ 
dU с,ат+ т $2 ‚ФУ ра 
-car+|7(32) - p er (11.13) 


if U - U(T, V) 
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du QU 
àu- ux] ex m 


dU) __f dp 
ШЕЕ z 


This is known as the energy equation. Two applications of the equation are 
given below: 


(a) For ao ideal pas, pz 15 Т 
ЕЗ _AR_p 
эт, V T 
В E -pÉ.p-Q 
ВУ Je T 


U does not change when F changes at T = C. 


САҒАСЫ 
^ (55) (52), " Gar), "* 


S) ЕЗ - 
Sioce Е: „^^ Әр - 0 


ГУ does not change either when p changes at Г = С. So the interna! energy of an 
idea] gas is a function of temperature only, as shown earlier in Chapter 10. 
Another important point to note is that in Eq. (11.13), for an ideal pas 


_. | 
V-nRTund Г! -— | -р=0 
P aR E: , Р 
Therefore 
dU = САТ 


holds good for an ideal gas in any process (even when the volume changes). But 
for any other substance 


JU = C. dT 
is true only when the volume is constant and dF = 0, 
Similarly 
АН = TdS + Fdp 


aV 
and Таз = C dT- (57) 
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dH = C,dT + v- x I (11.15) 
P 


ан) _, „(д 
52) => 97) (11.16) 


As shown for internal energy, it can be similarly proved from Eq. (11.16) that 
the enthalpy of an ideal gas is not a function of cither volume or pressure 


«(Rr e (2) 


but a function of iemperature alone. 
Since for an ideal gas, pF — nR T 


and y (3 = 
P 


the relation dH = C, dT is true for any process (even when the pressure changes). 
However, for any other substance the relation dH = C, dT holds good only when 
the pressure remains constant ог dp = 0. 

(b) Thermal rediation іп equilibnum with the enclosing walls possesses ап 
energy lhat depends only on the volume and temperature. The energy density (ы), 
defined as the ratio of energy to volume, is a function af temperature only, or 


- > = f (T) only 


The electromagnetic theory of radiation states that radiation is equivalent toa 
photon gas and it exerts à pressure, and. that the pressure exerted by the black- 
body radiating in an enclosure is given by 

ГІ 
P3 

Black-body radiation is thus specified by the pressure, volume, and 

temperature of the radiation. 


Since U=uVand p= т 


ou) _ s) _1 du 
ЕЭ] wand (92) = 


By substituting in the energy Eq. (11.13) 


=F du vw 

3 dF 3 
du EL 
ы Г 


or Inw=In7*+ind 
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Or u =b" 
where b is a constant, This is known as the Stefan-Boltzmann Law. 
Since U - uV = ver 
ЕЗ =C, = AVEP 
dT jy 
97), 34 3 
from the first TdS equation 


TdS = C, dT + r( 22. dV 
ӘТ), 


= AVBT dT + ort av 


For a reversible isothermal change of volume, the heat to be supplied reversibly 
10 kccp temperature constant 


Q- Sor AV 
For a reversible adtabatic chaoge of volume 


Sort dV = -4РЪТ?4Т 


dV | 49T 
U y T 
or РТ? = const. 


If the temperature i5 one-half the original temperature, the volume of black- 
body radiation is to be increased adiabatically eight times its original volume so 
that the radiation remains in equilibrium with matter at that temperature. 


11.7 Joule-Kelvin Effect 


А gas is made to undergo continuous throttling process by a valve, as shown in 
Fig. 11.2. The pressures and temperatures of the gas in the insulated pipe 
upstream and downstream of the valve are measured with suitable manometers 
and thermometers. 

і Уашө ty 


| gee 


z гаан ЕЗ Да eee 
ү» үн 
SF ME 


Inaulabon 
Fig. 11.2 fouls-Thamson expansion 
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Let р, amd Г, be Ше arbitrarily chosen pressure and temperature before 
throttling and let them be Кері constant. By operating the valve manually, ihe gas 
is throttled successively to different pressures and temperatures po, Ги; Ре» Tg, 
Pry Гр and so on. These are then plotted on the 7—p coordinates as shown in 
Fig. 11.3. Alt the points represent equilibrium states of some constant mass of 
gas, say, 1 ke, at which the gas has the same enthaipy. 


States after throttling 


—- 


E f 
H АРМ ж | 
y ви 
| fs f x |, и 


------------------------“--г--.---------------шш-----мы.-ч------------т-шәнашал "n 


Fig. 113 Lenthalpic states of a pas 


The curve passing through ай these points is an isenthalpic curve or an 
isenthaipe. It is not the graph of a throttling process, but the graph through points 
of equal enthalpy. 

The initial temperature and pressure of the gas (before throtiling) are then set 
lo new values, and by throtiling to different states, а family of isenthalpes is 
obtained for the gas, as shown in Figs 13.4 and 11.5. The curve passtng through 
the maxima of these isenthalpes is called the inversion curve. 

The numerical value of the slope of ап isenthalpe on a Гр diagram at апу 
point is called the fowle-Kelvin coefficient and is denoted by u,. Thus the locus of 
all poinis at which д, is zero is Ше inversion curve. The region inside the inversion 
curve where Шу is positive is called the cooling region and the region outside 
where д, is negative is called the hearing region. So, 


ЕСІ ha 
|^ "a j| 


р р 


Fig. 11.4 — Dendhalhie curves and the inversion curve 
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„к — Constant enthalpy 
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Fig. 115 Innerzion aad saturation curses on Г-р plot 


Hy = ЕЗ 
др ;, 
The di[Terence in enthalpy between two neighbouring equilibrium states is 
dh = Tds + vdp 
and the second 715 equation (per unit mass) 


_ dv 
Tis = Cp dr-T EE 


т) 
2, ал =c dr- T] =| -v 
trs) -nje 
The second term in the above equation stands only for а real gas, because for 
an ideal gus, dh = с. dT. 


-( ТҮ . 1 (9v) _ 
= (3) -Hi d (11.17) 


For an ideal gas 


There ік no change in femperature when an ideo! ғаз із made to undergo a 
Joule-Kelvin expansion (i.e. throttling). 

For achieving the effect of cooling by Joule-Kelvin expansion, the initial 
temperature of the gas must be below the pomt where the inversion curve 
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intersects the temperature axis, 1.е. below the maximum inversion temperature. 
For nearly all substances, the maximum inversion temperature 15 above the 
normal ambient temperature, and hence cooling can be obtained by the Joule- 
Kelvin effect. In the case of hydrogen and helium, however, the gas is to be 
precooled in beat exchangers below the maximum inversion temperature before it 
is throttled. For liquefaction the gas has to be cooled below the critical 
temperature. 

Let the initial state of gas before throtiling be at Æ (Fig. 11.6). The change in 
temperature may be positive, zero, or negative, depending upon the final pressure 
after throttling, if the final pressure lies between А and B, there will be a nse in 
temperature or heating effect. If it is at C, there will be no change іл temperature. 
If the final pressure is below p., there will be a cooling effect, and if the final 
pressure is py, the temperature drop will be (Г, — Tp). 

Maximum temperature drap will occur if the initial state lies on the inversion 
curve, In Fig. 11.6, it is (Tg — Tp). 

The vnlume expansivity із 


.A[9v 
В Қз) 


So the Joule-Kelvin coefficient ш, is given Бу, from Eq. (11.17) 


Fnr an ideal gas, B- T and = 0 


There are two inversion temperatures for each pressure, e.g. T, and T. at 
pressure p (Fig. 11.4). 


Cooling — Inversion curve 
region -s= 


1 Lllllfuacccas di santhalee 


Fig. 16  Meximun cooling Py /әніс-Кеізіп expansion 
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11.8 Clausius-Clapeyron Equation 


Duting phase wansitions Eke melting, vaporization and sublimation, the 
temperature and pressure remain constant, while the entropy and volume change. 
[fx is the fraction of initia! phase? which has been transformed into final phase f, 
then 

sz2(E—-xÜ e xs c 

p=(i-x) p” + pt? 
where s and v are linear funcuions of x. 

For reversible phase transition, the heat transferred per mole (or per kg) is the 

· latent heat, given by 

j= Tis _ sh} 
which indicates the change in entropy. 
Now dg =~ dT + vdp 


с --(%) 
! t; ; 


and p= ЕЗ 
| др гт 
A phase change of the first order is known as any phase change that satisfies 
the following requirements: 
(а) There are changes of entropy and volume. 
(b) The first-order derivatives of Gibbs function change discontinuously. 


Let us consider the first-order phase transition of one mole of a substance from 
phase i to phase f. Using the first 748 equation 


Tds — c, dT + ЕЗ do 
97), 


for the phase transition which is геуегвіМе, isothermal and isobaric, and 


integrating over the whole change of phase, and since ЕЗ is independent of 
¥ 


B 
Ts — 569) = TIE. {00 _ 10) 


жа — oll | 


ір. _ 
dT 09-00 по VU] (11.18) 


The above equation is known as the Clausius-Clapeyron equatian. 

The Clausius-Clapeyron equation can also be derived in another way. 

For a reversible process at constant T and p, the Gibbs function remains 
constant, Therefore, for the first-order phase change at Т and p 
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go = gi? 


and for a phase change at 7 + dT and p + dp (Fig. 11.7) 


Critical point 


Fig. 131.7  Firs! order phase trannition 


29 + dg =g + dg 


Subiracting 
dg = dg 
or —s) dT + o” dp 
= – 0 dT+ vi! dp 
ә 5-69 | 
For {иол 


Is, 
se I(v"—') 

where /,, is the latent heat of fusion, the first prime indicates the saturated solid 
state, and the second prime the saturated liquid state. The slope of ihe fusion 
curve is determined by (p” — ғ), since /,, and Г are positive. If the substance 
expands оп meiting, 0” > 2’, Lhe slope is positive. This is the usual case. Water, 
however, contracts on melung and has the fusion curve with a negative slope 
(Fig. 11.8). 

For vaporization 


dp і-.-. 
АТ To” о") 


where lop is the latent heat of vaporization, and the thnd prime indicates the 
saturaled vapour state, 


- dp FH t 
lap Гут (0 T ф 


At temperatures considerably below the critical temperature, v^" >> 47” and 
using the ideal gas equanon of state for vapour 
о" = RE 
Р 
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a Fusion curve 


_ Far any alhar substance 


For walm | 
—— ili 
Г на point 


Vaporization curve 


[= Ap RT 
=Œ dT p 
, RT? dp 
or fap ar (11.19) 


If the slope dp/d? at any state (e.g. point ру, T, in Fig. 11.8) is known, the 
latent heat of vaporization can be computed from the above equation. 
The vapour pressure curve is of the form 


Inp-A- 2 +ClnT+DT 


where A, В, Cand D are constants. By differentiating with respect to Г 


idp_ B C.p (11.20) 
р di T? T 
Equations (11.19) and (11.20) сап be used to estimate the latent heat of 
vaporization, 
Clapeyron’s equation can also be used to estimate approximately the vapour 
pressure of a liquid at any arbitrary temperature in conjunction with a relation for 
the latent heat of a substance, known as Trouton 5 rule, which states that 


Ang 
—*. = 88 ki/kgmol K 
Тр 
where A jg із the latent heat of vaporization in kJ/kgmol and АТ, 13 the boiling 
point at 1.013 Баг. On substituting this into Eq. (11.19) 

dp 881, 


ar pr^ 
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р Т 
И dp _ 88% | a7 
101.125 P R aT 
In Р = 38а 1 
101.325 К T 1 
- (1-2) 
= 101,325 exp | —| 1 -— 11.21 
р |= T ( ) 


This gives the vapour preaaure p in kPa at any temperature 7. 
Far sublimation 


where 1,4 19 the latent heat of sublimation. 


Since v" >> г’, and vapour pressure is low, s" = RT 
dp. ds 
dT г.&Т 
p 
or lon = 2.303 RELE Р) 
40177) 


the slope оПовр vs. ИТ curve is negative, and if it is known, /,,,, can be estimated. 
At the triple point (Fig. 9.12), 


Lub = що + Hy (11.23) 

ЕЗ -Pri 
7 Prl 

dT л. RÈ 


ЕЗ B Phu 
dT jas КТ? 


білсе > 1, at the triple point 


(ir) ar). 


Therefore, the slope of the sublimation curve at the triple point is greater than 
that of the vaporization curve (Fig. 11.8). 


11.9 Evaluation of Thermodynamic Properties from 
an Equation of State 


Араг fram calculating pressure, volume, or wrperature, an equation of stale can 
aiso be used to evaluate other thermodynamic properties such as intemal energy, 
enthalpy and entropy. The property relations to be used are: 
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du =e, dF + 19) - I (11.24) 
ДА =c dT + :-1|%) dp (11.25) 
P aT j, 
.d ap 
ds Hear» ЕЗ 
LaL ar т 
- ат al 2) | (11.26) 


Integrations of the differential relations of the properties p, v and T in the 
above equations are carried out with the help of an equation of state. The changes 
m properties are independent of the path and depend only on the end states. Let ua 
consider that the change in enthalpy per unit mass of a gas from a reference state 
0 аїр, T, having enthalpy, A, to some other state B atp, T with enthalpy A 13 to be 
calculated (Fig. 11.9}. The reversible path 08 may be replaced for convenience 
hy either path 0-а-А or path 0-!—2, both also being reversible. 

Path 0-а-В: 
From Eq. 11.25, 


Fig. 11.9 Proceries connecting states (Ba, Го) and (b, Т) 
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On addition, 


T p 
ЕШ Dr) |> (11.27) 
% Ро P P T 


Similarly, for 


Path 0-b-B: 
T де т 
А-А = uu - (22) | zi + [р | (11.28) 
р 


0 
Equation (11.27) is preferred to Eq. (11.28) since c, at lower pressure can Бе 
conveniently measured. Now, 


"mo Y p 
| de= [pdv* | оф 


Foa "a Po 
| Еа (1129) . 
T 


Again, 


Substituting in Eq. (11.27), 


һе jesar] + PU— ppv, 16 
т Ро T 


0 Ya 


GGe 


T V 
= [р ғ + pO — pod, — tir - ЕЗ e! (11.30) 
Ц 1^7 Tr) 
Po T 


To find the entropy change, Eq. (11.26) is integrated to yield: 
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р 
2) 
Po vA OP 71 T 
т ат “(др 
4j >>| + 192) г (11.31) 
0 Po a T 


11.10 General Thermodynamic Considerations on 
ал Equation of State 


|| 
— 
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i? 
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Certain general characteristics are common to all gases, These must be clearly 
observed in the developing and testing of an equation of state. It is edifying to 
discuss briefly some of the more important ones: 

(1) Any equation of state must reduce to the ideal раз equation as pressure 
approaches zero at any temperature. This is clearly seen іп a generalized 
compressibility factor chart in which all isotherms converge to the point 2 = | at 
zero pressure. Therefore, 


lim ЕН = | at any temperature 
pool RT 


Also, as seen from Fig. 10.6, ihe reduced isotherms approach the line z= 1 as 
the temperature approaches infinity, or: 


1 2. | = 1 
Jim] RT ] at апу pressure, 


(ii) The critical isotherm of an equation of state should have a point of 
inflection at the critical point on р-р coordinates, or 


t|, 
E: rax = 0 and x A 0 


(iii) The !&ochores of an equation of state on a а р-Т diagram should be 
essentially straight, or: 


oT or? 


An equation of stale can predict the slope of the critical isochore of a Muid, 
This slope 15 identical with the slope of the vaporization curve at the critical 
point, From ће Ciapegron equation, dp/dT = As/Av, the slope of the vaporization 
curve at the critical point becomes: 


dp - Е ES | (Бу Maxwell's equation) 
T 


ЕЙ = consent, [ZE = О as p — 0, or as T — =, 


ат | Ф dT 


Therefore, the vapour-pressure slope at the critical point, dp/dT, is equal to the 
slope of the critical isochore (dpéd Г), (Fig. 11.10). 
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T 
Fig. 11.10 Рғенығғ-мтуунтанлт diagram wiih ochorie Ines 


(1v) The slopes of the isotherms of an equation of state on a Z-p compressibility 
factor chart as p approaches zero should be negative at lower temperatures and 
positive at higher temperatures. At the Boyle temperature, the siope is zero as p 
approaches zero, or 


lim EH - at T- Т, 
Anequation of state should predict the Boyle temperature which is about 2.54 
Т, for many pases. 
An isotherm of maximum slope on the 2 — p plot as p approaches zero, called 


the foidback isotherm, which ws about 57, for many pases, should be predicted by 
an equation of atate, for which: 


where Tp is the foldback temperature (Fig. 10.10 a). As temperature increases 
beyond T; the slope of the isotherm decreases, but always remains positive. 
(v) An equation of state should predict the Joule-Thomson coefficient, which 


f Cp B 7), p|- рс, (эт), 


ig 
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For the inversion curve, д; = 0, 
dz | 
am, —| =0 
т), 


11.11 Mixtures of Variable Composition 


Let us consider a system contairung а mixture of substances !, 2, 3... К. Isome 
quantities of a substance are added to the system, the energy of the system will 
increase. Thus for а system of variable composition, the internal energy depends 
not only on 5 and F, but also on the number of moles (or mass) of various 
constituents of the зүзлетп. 
Thus 

U = 15, V, my, ль, ..., ny) 
where м, л, ..., Мк are the number of moles of substances 1, 2, ..., А. The 
composition may change not only duc to addition or subtraction, but also due to 
chemical reaction and inter-phase mass transfer. For a small change іп U, 
assuming the function to be cootinuous 


dU = (Z) ads + ea dV 
95 Jy КТШ av Sy ig "sy 


аг) ЕЗ 
dn + | =— dn 
4 dn, S, V,nj ^ ng. | дл, S, V, nq, ny 7 Dy ) 


МЕН 


днк M ny n2*4nDy.| 


QU QU 
жоо СОРЫ DES ) м Á 


ізі 


бту 


where subscript i indicates any substance and subscript j any other substance 
except Ше one whose number of moles is changing. 
If the composition does noi change 


dU = Таз — pd 
QU QU _ 
eae ‚Бап 4 (у. P 
^ dU = Тау - pdV + XE X) йл; (11.32) 
дл, 5, Vin, 


Molal chemical potential, и, of component i is defined as 


к (= 
| дн; 5, Му 
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signifying the change іп internal energy per unit mole of component i when 5, F, 
and the number of moles of all other components are constant. 


K 
2, dU = Т45 — pdV + V. ji dn 


K 
OT Тал = dU + pdV — * jdn; (11.33) 
T 
This is known as Gibbs entropy equation. 
In a similar rnanner 


С = G (p, T, Лү ту, ---з пк) 


ҚАСҚАСУ 
Or dG= +| — іт + бл, 
E: ты oT п, 2. dn, Тір, n, 
K 
= Vdp — SAT + 5/52) dn, (11,34) 
i"l dn; Tn 
Since G - U * pY - TS 


Е 
d(U + pF - TS) = РАР - SdT ^ 213 28 ал, 
T, p. п, 


=| 
or dU + pdF + ion SdT 


i=] 


к 
= Vdp ~ SdT + 243 = £) йл 
Tip, nj 


ог dU = Tas - му, 592 ), бл; 
+P Oj 


Comparing this equation with Eq. (11.32) 


(%! -($2) 
дп АЛТ дп Т.р. п) А 


^. Equation (11.34) becomes 


к 
dG = Fdp — 5йТ + >. ішіп, 
із! 
Similar equations сап be obtained for changes in H and F. 
Thus 


к 
dU = ТА$- pdV + У шіп, 
о 


к 
dG = Vdp- SdT * У рап, 


ir] 
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К 
ан = TdS + Vdp + У pdn, (11.35) 


К 
dF = —SdT— pdV + У uda, 
i=] 


where 


7 я ЕЗ ЕН ЕЗ 
=| OY 4| 2 =| 2 =| —— (11.36 
№ | dn, S.V, tti an, Т, р, tt; дн; S P п; дп; T.V. п; ) 


Chemical potential is an intensive property. 
Let us consider a homogeneous phase ef a multi-cemponent system, for which 


K 
dU = TdS - pdV + У pdn; 
i=] 
If the phase is enlarged in size, U, 5, апа F will increase, whereas T, p and р 
will remain the same, Thus 
AU = TAS — pÀV + шАн; 
Let the system be enlarged to X-times the original size, Then 
AU =KU-U=(K-)JU 
AS =KS—S=(K- 1)5 
АР =(K-1)F 
An, = (К - Пл 
Substituting 
(K—-I)U-T(K-1) S-p(K- DF * Ei (K 1); 
Uf = T$ -pF + Tn. 
Gr, = Lun (11.37) 
Let us now find a relationship if there is а simultaneous change in intensive 


property. Differentiating Eg. (11.37) 


dG = En; dj + Luda, (11.38) 
at conslant 7 and p, with only д changing. 
When T and p change 

dG =- Зат  Vdp + E uda, (11.39) 
Combining Equations (11.38) and (11.39) 

—Sd7+ Vdp-Zndg-0 (11.40) 


This is known us Gibbs-Duhem equation, which shows the necessary 
relationship for simultaneous changes in T, p, and и. 
Now 


Gr, = En = ут + poni... + Дунк 
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For a phase consisting of only one constituent 
G 7 un 
G 
n 
Le, the chemical potential is the molar Gibbs function and is a function of 7 and p 
only. 


For a single phase, multi-component system, H; is a function of T, p, and the 
mole fraction x;. 


11.12 Conditions of Equilibrium of a 
Heterogeneous System 


Let us consider а heterogeneous system of volume Р, in which several 
homogeneous phases ( $ = a, b, ..., ғ) exist in equilibrium, Let us suppose that 
each phase consista of {= 1, 2, ..., C) constituents and that the nurpber of . 
constitutents in any phase is different from the others. 

Within each phase, a change in intemal energy is accompained by а change in 
entropy, volume and composition, according to 


C 
dU, = T, d$, — p, dh, + 2. (it, dn), 
|= 


A change in the internal enerpy of the entire system can, therefore, be 
expressed as 


Y dU, = Y TdS,- У у, + у Y (и 4л), (11.41) 


фа ф=з ф=а i-i 


Also, a change in the internal energy of the entire system involves changes in 
the internal energy of the constituent phases. 


- г 
dU = dU, + dU, +... + dU, = У dU, 
| & 


Likewise, changes in ihe volume, entropy, or chemical composition of the 
entire system resuli from contributions from cach of the phases 


dV = dV, + dV, ^... * dV, = n d, 
dS = d$, + 45, +... +45 = 2 ds, 


dn = dn, + dm, +... + dn, = > dn, 
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In a closed system іп equilibrium, the internal energy, volume, епітору, and 
mass are constant. 


dU = d¥=dS=dn=0 


of dU, — — (dU, +... + dU) - У dU, 
dV, =- У, dF, 
j 
| ds, =-У 45, (11,42) 
і 
da, =- У, da, 


j 
where subscript j includes all phases except phase a. 

Equation (11.41) can be written in terms of j independent variables and the 
dependent variahle a (Equation 11.42) 


С + 2 nas, - К + Enh) 
| 1 


1 


+ Р +> Y (йл, 1 = 0 
j i Àj 


Substituting from Eq. (11.42) 


от + Уа) - -»Xw; +, an) 


J j 


+ Р ёл; e EG) =o 


where subscript i а refers to component i of phase a. 
Rearranging and combining the coefficients of the independent variables, 45, 
dV, and йл, gives 


уу @-1)45-}, (p, - p) dV, + У, 2. (uj — nuin; = 0 
! j 


But since dS, dV, and da; are independent, their coefficients must each be 
equal to zero. 
a Т, = Ta pj T Py Шу — Hi (1 1.43) 
These equations represent conditions that exist when the system is in thermal, 
mechanical, and chemical equilibrium. The temperature and pressure of phase а 
must be equal to those of all other phases, and the chemical potential of the ith 


component in phase а must be equal to the chemical potential of the samme compo- 
nent in all other phases. ' 
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11.13 Gibbs Phase Rule 


Let us consider a heterogeneous system of C chemical constituents which do not 
combine chemically with one another. Let us suppose that there are $ phases, and 
every constituent is present in each phase. The constituents are denoted by 
substripts and the phases by superscripts. The Gibbs function of the whole 
heterogeneous system is 


C C C 
сыз Y, ni! ш?+ V Ор... + У ai um 
i=} i=l i=] 
G is a function of T, p, and the л'з of which there are C$ in number, Since there 
are no chemical reactions, the only way іп which the a's may change is by the 
transport of the constituents from one phase to another. In this case the total 
number of moles of each constituent will remain constant. 
ni? t пй +... + 19 — constant 
nf + п} +... +n) = constant 


Sd аяла пр иене 


These аге the equations of constraint. 
At chemical equilibrium, С will be rendered a minimum at constant T and p, 
subject to these equations of constraint. At equilibrium, from Ед. (11.43). 


Hj = His 
a? = дб = ufo 
pf = 0). = шій) (11.44) 
шщ! =д =...=ц® 


These are known as the equations of phase equilibrium. The equations of the 
phase equilibrium of one constituent are ($ — 1) m number. Therefore, for С 
constituents, there are С(ф)-- 1) such equations. 

When equilibrium has been reached, there ін no transport of matier from one 
phase to another. Therefore, in each phase, Xx = 1. For ¢ phases, there are ф such 
equations available. 

Tbe state of the system at equilibrium is determined Әу the temperature, 
pressure, and C? mole fractions. Therefore 

Total number of vanables = C$ + 2. 

Among these variables, there are C( ó — 1) equations or phase equilibrium and 
9 equations of Lx = 1 type. Therefore 

Total number of equations = Cid — 1) + $ 

If the number of variables is equal to the number of equations, the system is 
nonvariant. Lf the number of variables exceeds the number of equations by one, | 
then the system is called monovariant and is said to have a variance of 1. 

The excess of variables over equations is called the variance, f. Thus 
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/-“(С%%2-16%- 1) + 4] 
or {/=С-ф+2 (11.45) 


This is known as the Gibbs Phase Rule for a non-reactive system. The variance 
‘f is also known as the degree of freedom. 

For a pure subsuance existing in a single phase, C = 1, $7 1, and therefore, the 
variance js 2. There arc two properties required to be known to fix up the state of 
the system at equilibrium. 

ИС= 1, $ — 2, then f= 1, i.e. only one ргорепу is required to fix up the state 
of a single-component two-phase system. 

If C = 1, ф= 3, then f= 0. The state is thus unique for a subsumce; and refera 
to the triple point where al] the three phases exist in equilibrium. 


11.14 Types of Equilibrium 


The thermodynamic potential which controls equilibrium in a system depends оп 
the particular constraints imposed on the system. Let d О be the amount of heat 
transfer involved between the system and the reservoir in an infinitesimal 


irreversible process (Fig. 11.11). Let | 
dS denote Ше entropy change of the (Rovere 
system and 05, the entropy change of 
the reservoir. Then, from the entropy da 
principle system 
dS, + 05 > 0 
Fig. 11.11 — Jfeat inéeraction Беннет 

Since dS,=- 40 d тушет and fis surroundings 

T 

— 10 + 45 20 

T 

or do-TdS«0 


During the infinitesimal process, the internal eoergy of the system changes by 
an amount dU, and an amount of work pd V is performed. So, by the first law 


d Q = dU + pdV 
Thus the inequality becomes 
dU + pdV — Td5 <0 (11.46) 
If the constraints are constant C and F, then the Eq. (11.46) reduces to 
d5 > 0 


The condition of constant U and У refers to an isolated system. Therefore, 
entropy is the critical parameter іо determine the state of thermodynamic 
equilibrium of an isolated system. The entropy of an isolated system always 
increases and reaches а maximum value when equilibrium is reached. 
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If the constraints imposed on the system are constant T and F, the Eq. (11.46) 
reduces to 
dU ҚТ) < 0 
Or d(U-TS) < 0 
г. dF < 0 
which expresses that the Helmholtz function decreases, becomming а minimum 


at the final equilibrium state. 
If the constraints are constant Г and p, the Eq. (11.46) becomes 


dU + d(pV) - p(TS) < 0 
diU + pF - T3) <0 
ас < 0 


The Gibbs function of а system at constant 7 and p decreases during an 
irreversible process, becoming a minimum at the final equilibrium state. For а 
system constrained in a process to constant T and р, Cris Ще critical parameter to 
determine the state of equilibrium. 

The thermodynamic potential and the corresponding constrained variables are 
shown below. 


> U F 
H F 
Р с Т 


This trend of G, F, or 5 establishes four types of equilibrium, namely (а) stable, 
(b) neutral, (c) unstable, and (d) metastable. 

А system is said to be in a slate of stable equilibrium if, when the state is 
perturbed, the system returns to its original slate. А system is not in equilibrium if 
there i$ a spontaneous change in the state. [f chere is a spontaneous change in the 
system, the entropy of the system increases and reaches a maximum when the 
equilibrium condition is reached (Fig. 11.12). Both 4 and В (Fig. 11.13) are 
assumed to be at the same temperature T. Let there be some spontaneous change; 
the temperature of A mses to T + dT,, and that of В decreases to T — dT. For 


Diatermal wall 


P — Equllibricm ' 


Isolated systam 


~F T 


Fig. 11.12 Posible process for an Fig. 11.13 Spontancous changer in A 
ізгілігі ryilem and В due ia Асп! inistaction 
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simplicity, let the heat capacities of the bodies be the same, so that dT, = dT. If 
d C is the heat interaction involved. then the entropy change 


. 82 . ug 
^ тақат! в — T-agT 
1 1 2-dT 
65745, «à - ad е |" p 49 


So there 15 в decrease in entropy for the isolated system of 4 and 8 together. It 
is thus clear that the variation in temperature dT cannot lake place. The system, 
therefore, exisis in a sable equilibrium condition. Perturbation of the state 
produces an absurd situation and the system must reverl to the onginal stable 
state. It may be chserved: 

If for ай the possible variations in state of the isolated system, there is a 
negative change in entropy, then the system is in stable equilibrium. 


{dS} V > 0 Spontaneous change 
(d$. y = 0 Equilibrium (11.47) 
(dS, V <0 Criterion of stability 
Similarly 
| (dG), < 0, (dP < 0 Spontaneous change 
(dG), 7 = 0, (dP4 y = 0 Equilibrium (11.48) 
(dG), т 7 0, ЧР}, > 0 Critecian of stability 


A system is in a slate of stable equilibrium if, for any finite variation of the 
system at consiant Т and p, G increases, i.e. the stable equilibrium state 
corresponds to the minimum value of C. 

А system is said lo be in a state of neutral equilibrium when the 
thermodynamic cnlenon of equilibnum (С, F, S, U or H) remains at constant 
value for ali possible variations of finite magnitnde. If perturbed, the system does 
not reverl to the onwinal stale. 

For a system at constant T and p, the criterion of neutral equilibrium is 


бт, р = () 
Similarity 
дҒту = 0, ӧн; р = 0, dUsy = 0, áSy у =0 
A system is m a state of unstable equilibrium when the thermodynamic 
criterion 15 neither an extremum nora constant value for ail possible variations in 
the system. IT the system ts in unstable equilibrium, there will be a spontaneous 


change accompanied by 
66, , <0, бЕту <0, 60у <0, Hz, <0, 65, V > 0 


A system 1$ їп a state of metastable equilibrium M it is stable to small but not 
іп large disturbances. A mixture of oxygen and hydrogen is in а metastable 
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equilibrium. A 01е spark may start a chemical reaction. Such a mixture is not in 

its most stable state, even though in the absence of a spark it appears to be stable. 
Figure 11.14 shows different types of equilibrium together with their 

mechanical analogies, 5 has been used as ihe cntenon for equilibrium. 


Stable Unelable Мешітші Composition 


Fig. 11.14 Types of equilibrium 


11.15 Local Equilibrium Conditions 


Let an arbitrary division of an isolated system be considered, such that 
S-STS,U-U, *U, 
Then for equilibrium, it must satisfy the condition 


(55у у 0 
to First order in small displacements (otherwise 55 could be made positive 
because of higher order terms}. Now to the first order in a yery small change 


95 x] as 95 
n 3), 644 (э, 60% Сақа ЕЭК 


Now TdS = dU + pd ¥ 
(37 2l z) -2 
wy, T’\d¥), Т 


| 1 A 
5.5 = — + — dL, + by +22. 26 
19 Т б Т Ры V. 


Again OU, =- dU, and атты 

5 а=. б, + B. Pa 54, + Second order tems 
n 1, 1 1 

When 515 = 0, at equilibrium 


Г =I} Pl = Pz 
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11.16 Conditions of Stability 


At equilibrium, 5 2 бы, = Fu @ = Cmim and 85 = 0, dF = 0; 8G = 0; these 
are necessary but not sufficient conditions for equilibrium. To prove that J is a 
maximum, and С or Ғв minimum, it must satisfy 


525 <0, &F>o, &G>0 
If the system 15 perturbed, and for any infinitesimal change of ihe system 
(6S); < 0, (д) „ү > 0, (Рту > 0 
it represents the stability of the system. The system must revert to the original 


state. 
For a spontaneous change, from Eq. (11.46) 


5+ póV Тӧ5 <0 
For stability 
óU-tpóFV- TSS > 0 
Let us choose И = $, Р) and expand ôL in powers of ӘР and 85. 
д0 ЗГ, E3I 
ôU = ÖS + dsy + 714 
|95), Е ме 


Са Шаа 


79 
_ 1 2 
TÄS - p6V + eal (55) 


1090) обру + OY 
iy] и 3v às DV. OS +- 


The third order and higher terms are neglected. 
Since ÔU + pôv — 765 > 0, it must satisfy the conditions given below 


920 | | ӘҢ) | gU 
>0, > 0, ———— > 0 
These inequalities indicate how the signs of some important physical quantities 
become restricted for a system to be stable. 


Since EJ = Г 
v 
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Since T> OK 
г. С,>% (11.49) 
which is the condition of thermal stability. 
aU | 
Also | =- 
E 22” 
шеф 
9V? ); ӘР Je 
др 
—— | <0 11.50 
ЕЙ ( ) 


Lė. the adiabatic bulk modulus must be negative. 
Similarly, if F = F {T V}, then by Taylor's expansion, and using appropriate 
substitunon 


6F=~S6T- pore 1 ЕЗ! (буу (5) (бту 
DF 
METTI 3T БИТЬ... 
For stability 


6F + 587+ póV-0 


ЕЗ (11.51) 


which is known as the condition of mechanical stability. The isothermal buik 
modulus must also be negative. 


11.17 Third Law of Thermodynamics 


From Kelvin-Planck statement of second law, it can be inferred that by the use of 
a finite number of cyclic heat engines, absolute zero temperature cannot be 
attained. But third law is itself a fundamental iaw of nature, not as derivable from 
Ше second law. As the other Jaws (zeroth, first and second), the third jaw alsa 
cannot be proved. [t is always found to be obeyed by nature and not violated. 
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By using Joule-Kelvin expansion, a temperature below SK is possible to obtain 
by producing liquid helium. Su!) lower temperatures can be attained by adiabatic 
demagnetisation of a paramagnetic salt. 

Temperatures as low as 0.001K have been achieved by magnetic cooling. The 
magnetic properties of a substance can be classified as either diamagnetic where 
the substance is repelled by a magnet, or paramagnetic such as iron, which is 
attracted by a magnet A paramagnetic salt, such as gadolinium sulphate 15 used 
for magnetic cooling. When the salt ts cooled to а very low temperature, its 
moleculcs act as tiny magnets and align themselves when subjected to a magnetic 
field. 

Іп 1926-27, Giaque and Debye independently suggested that the low 
temperature properties of certnin paramagnetic salts might be used for attamment 
of temperature below ІК. Onginal expenments were conducted at Berkeley and 
at Lieden in 1933. 

in magnetic cooling low temperatures are achieved by adiabatic 
demagnetisation of paramagnetic salts. The actual process consists of four steps: 


1. A paramagnetic salt is cooled slightly below ІК by surrounding it with 

liquid helium boiling under reduced pressure. 

2. Theu а strong magnetic field of about 25000 gauss is applied. This makes 
the magnetic carriers, i.e., paramagnetic ions orient themselves parallel to 
the direclion of the field. This realignment of atoms requires work. This 
work is converted into interna! energy increase, which is taken up hy the 
evaporating helium. 

. Тһе sait is thermally insulated from the helium bath. 

4. Finaily, the magnetic ficid is removed. The molecules disalign themselves, 

which requires energy. This energy is obtained by the sali getting still 
cooler in the proccss. 


(м 


This process of adjabauic demagnetisation is almost reversibie, and the entropy 
remains constant, 

The salt is hung by a fine nylon thread inside the salt tube such that it does not 
touch the sides (Fig. 11.15), The salt is first cooled to about ІК by reducing the 
pressure of liqnid helium. Next, the вай 15 exposed to а strong magnetic field of 
about 25000 gauss. Heat produced by magnetisation of ine salt is transferred to 
the liquid helium without causing an increase in salt temperature, With the 
тарпебс field still present, the mner chamber conlainiug the salt is evacuated of 
gaseous helium, The salt is then almost completely thermally isolated upon re- 
moval of the magnetic field, апа tbe salt temperature decreases in an almost 
perfectly isentropic way. Temperatures of the sali as low as 0,001 K have been 
reported, 

An interesting and imponiant problem in adiabatic demapnetisation is the 
determination of the very low temperatures produced. In the neighbourhood of 
absolute zero all ordinary methods of temperature measurement fail. The 
temperature may be calculated approximately by the Curie's law, 


2-СТ 
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Fig. 11.15 Adiabatic demagnetisatian of a paramagnetic sali 


where z is the magnetic susceptibility of the salt, T is the absolute temperature 
and C is the Curie's constant. Through magnetic measurements, the absolute 
temperature may be calculated. 

The fundamental features of all cooling processes is that the lower the 
ternperature achieved, the harder it is to go still lower. 

Experiments indicate that the final temperature 7; achieved by adiabatic 
demagnetisation is roughly proportional to the initial temperature 7;. If the first 


demagnetisation produces a temperature one half that at the start ( i; = 5 Т, ) the 


second demagnetisation from the same initial field will cut the temperature in half 
again and so on. Eventually, an infinite number of adiabatic demagnetisations 
would be required to attain absolute zero. 

Generalizing from experience, we may accept as true the staternent that: 

“Tt is impossible by any procedure, no matter how idealized, to reduce any 
condensed system to the absolute zero of temperature in a finite number of 
operations”. 


KMalcria 
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This is the principle af the unattainability of absolute zero, called the Foster- 
Guggenheim statement of Thrid law. 

Any isothermal magnetization from 0 to H, (magnetic intensity) such as $ —f,, 
f| - i4 etc. is associated with a release of heat, 1.е., a decrease in entropy 
(Fig. 11,16). The processes i4 -p & -fa h — etc. represent reversible adiabatic 
demagnetisations with temperature gening lower and lower, Repeated cycles of 
igolhermal magnetization and adiabatic demagnetisation would bring about a very 
low temperature. It is seen that 157, Н) — S(T, O}} decreases as the temperature 
decreases, 1.@., АЗ, < AS, < AS. It is accepted from experimental evidence that: 
"The entropy change associated with any isothermal reversible process of a 
condensed system approaches zero as ihe temperature approaches zero”. 


That 15, dim А5т = 0. This is called the Nernst-Simon statement of third law. 
==“ 


The condensed system here refers to a solid or liquid. 

Just like the proof of the equivalence of the Keivin-Planck and Cinusius 
statemenis of second law, it can also be shown that the Fowler-Gugpenheim and 
Mernst-5imon statements of third law are equivalent in al] respects (see 
Zemansky}. The violation of one statement implies the violation of the olher. 

Now, it can be seen (Fig. 11.16} that in lhe process $ —1|, entropy decreases by 
a ceriain amount, in 4 —/, entropy remains constant, in f, — i, entropy decreases 
further, and so on. If the entropy of the system at absolute zero ts called the zero- 
point entropy, a third equivalent statement of third law сап be expressed as 
follows: 

“Tt js impossible by any procedure, no maner how idealized, to reduce the 
entropy of a system to its zero-poini чаше in a finite number of operations”. 

There are many physical and chemical facts whieh substantiate the third Jaw. 
For any phase change that takes place at low temperature, Clausius-Clapeyron 
equation: 


holds good. From third law, lim (s;—s,} = Ü and since 2; — t, is not zero, it shows 
— 0 
that: 


lim 22 =0 
Tot dT 
This is substantiated by АП known sublimation curves. 1615 known that: 
AG = AH — T AS 


Experience shows that the last term is very small, particularly at low 
temperatures (Fig. 11.17) leading to 


lim AC = AH (11.52) 
Too 


which confirms thet lim AS = 0 as Г 0. 
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Fig. 11.16 T-H and Г-5 diagrams of a paramagnetic substance to show 
the rguivafence of three statertenis of the third law 
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Jm =. 


— T 


Fig. 11.17. AG > AH and c, > car T 0 


From the Gibbs-Helmholtz equation 


(11.53) 


АС-АН- 96. , 
aT |, 


since lim (AG — AH) — баз T > 0, 


lim ФАС = 0 ог lim AS = 0 as F 0 
T 


Again, іш ОТАН „40 as T0 (11.54) 


By L'Hospital's тше, the А hand side 15 equal to: 
E: ат |= tim 20. timc (11.55) 
Therefore, at absolute zero we must have for any system, 
lim c, = б as T— 0 (11.56) 
and similarly, using the Gibbs-Helmholtz equation connecting F and U/ 
lim С,-0аз7->0 (11.57) 
At very low temperatures, Debye showed that: 
C, = C, = 4644 T'O (11.58) 


where #15 the Debye tempernture, a choracteristic of a given substance. Thus, for 
апу material 


and at T =Ù, C =G, 70. (11.59) 
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SOLVED EXAMPLES 


Exampie 11.1 (2) Derive the equation 


22), ) 


(b) Prove that C, of an ideal gas is a function of T only. 
(c) In the case of a gas obeying the equation of state 


LP oli +В'р 
АТ 
where S is a function of T only, show that 
- d , 
СТ тт (В T}+ (С, m 


where (С, is the value at very low pressures. 
Solution 


(a) С = ЕЗ 
р 


or 


Now ЕЗ = 4 ду | , by Maxwell’s relation 
Р Т р 


др 


{с) РР = |+ B'p 


ӘС 
| Р | = 0, i.e. C, is a function of T alone. 
T 


"nua 
i 
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pta -1(%%) 1 [96 
JT? „ R пл, RT\ Әр }, 


^. Оп integrauon 


where Co (intepration constant) is the value of C, at very low values of pressure. 


Example 112 The Joule-Kelvin coefficient g is в measure of the temperature 
change during a throtiing process. A similar inensure of the temperature change 
produced by an isentropic change of pressure is provided by the coefficient H, 


where 
„-(%) 
з др | 
Prove that 
M4 
Hy Hy С, 
Solution Тһе Joule-Kelvin coefficient ji), is given by 
aV 
T == -F 
(97 
С 


Since C, = T ЕЗ and by Maxwell's relation 
р 


H-H, 
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- Been 


Alternative method: 
From the second 745 equation 


Now н = Zr 27 - 1 
Proved, 


Example 11.3 If ihe boiling point of benzene at | atm pressure is 353 К, 
estimate ihe approximate value of the vapour pressure of benzene at 303 К. 
Solution Using Сінреутоп 5 equation and Trouton's rule, Eq. (11.21), 


p= 101.325 exp (21-5. 


88 | 353 | 
= 101.325 m] | —- = 
е [53143 (1- 303 
= 17.7 kPa | Ans. 
Example 11.4 The vapour pressure, in mm of mercury, of solid ammonia is 
given by 
In p = 23.03 - 275% 


and that of liquid ammonia by 


In p = 1949 3063 
T 
(a) What ts the temperature of ihe triple point? What 18 the pressure? (b) What 
are the latent heats of subltimanon and vaporization? (c) What is the latent heat of 
fusion at the triple point? 
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Solution At the triple point, the saturated solid and saturated liquid lines meet. 


3754 3063 
23.03 – —— = 19.49 - —— 
Г Г 


n T21952K Ans. (a) 
3754 
In р = 23.03 - 22. 
P 3- 1952 
In p = 3.80 
p 744.67 mm Hg ‚ dns. 
With the assumptions, г” >> and o” ~ АР 
р 


Clausius-Clapeyron equation reduces to 


Hp. Po, 
dT RT? ™ 
where fup is the latent heat of sublimation. 
The vapour pressure of solid ammonia is given by 


In p = 23.0 DM 


рат г 
dp Р-Р 
^ —— = 3754+- = ——-.} 
dT 7? RP ™ 
lus = 3754 x 8.3143 = 31,200 kI/kgmol Ans. (b) 
The vapour pressure of liquid ammonia is given by 
In p = 19.49 - 3063 
Т 
. dP -3063 =] 
| ат т? АТ’ № 
when Г, вр is the latent heat of vaporization 
bap 3063 х 8.3143 = 25,500 Кито] Ans. (b) 
At the inple point 2 


Ia = ыр * It 
where fp is the latent heat of fusion. 
„тыа 
= 31,200 - 25,500 = 5,700 kT/kgmol Ans.(c) 
Example 11.5 Explain why the specific heat of a saturated vapour may be 
negalive, 


438-ш-- 


Fig. Ex. 11.5 


Solurion As seen in Fig. Ех. 11.5, if heat is wansferred along the saturation 
line, there is a decrease in temperature. The slope of the saturated vapour line is 
negative, ie. when d$ is positive, 47 is negative. Therefore, the specific heat at 


Constant saluration 
95” 
Gic ЭТ | 


is negative. Prom the second 74% equation 


d$" _ ау” Р] 
Tar 9” r dT ) (52 = 
nÈ іш [using pF” = nRT and 
p ТУ" - р") Сізреутоп 5 equation] 


CH = ү" бө. VU >> ү”) 


Now the value of /,, /Т for common substances is about 83.74 J/g mol K 
(Trouton 's rule), where Cp is leas than 41.87 J/g mol K. Therefore, Ст can be 
napnative, Proved. 


Example 11.6 (в) Establish the condition of equilibrium of a closed composite 
system consisting of two simple systems separated by a movable disthermal wail 
that is impervious lo the [low of matter, 

(b) If the wall were rigid and diathermal, permeable to one type of material, 
and impermeable to all others, state the condition of equilibrium of the composite 
system, 

(c) Two particular systems have the following equations of state 
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1 
апа 1 358 Р-р 


where Я = 8.3143 kJ/kg mol K, and the subscripts indicate systems і and 2. The 
mole number of the first system is №, = 0.5, and that of the second is M, = 0.75. 
The two systems are contained in a closed adiabanc cylinder, separated by a 
movable diatherma! piston. The initial temperatures are T, = 200 К and У, = 
300 K, and the total volume is 0.02 m. What is the energy and volume of each 
system in equilibrium? What is the pressure and temperature? ) 
Solution For the composite system, as shown та Fig. Ех. 11.6 (a) 
U, + ©, = constent 

The values of U,, U5, Гу, and F- would change in such a way as to maximize 

ihe value of entropy. Therefore, when the equilibrium condition is achieved 
49-90 
for the whole system. Since 
$ = 97 + $5 
= st. РІ, TEM №...) + S. (0,, Ms, ТЕР М...) 


д5, | І Е | 
d5 = | —— dE +| — dF 
Е ыы | 9и Uy By... | 


аы. 


Movable diathemmal 
wall impervious to 


ote 27 Ihe деме of matlar 
ғ 


Subeysiem-1 | Subaystem-z ; 


А 
A 
J- = a y». 
(a) 
< Rigid and diathermal =” Movable, diatherroal 
wall parmvaabla to flaw of well 
one type of material 


(b} (с) 
Fig, Ех, 11.6 
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79 ЕЗ 
+| lI dU, + | = ау. 
| QU, Vae Mss ? d, Vae My... i 


_ 1 Py 1 Р» 
= = ал + —dF, + — dl, + —dF. 
hoo ' fF * omn? 
Since dU, + dU, = 0 and dV, + dF, = 0 


а as «(1 - 1 au, + A _ Ёз lay, ый 
n Ъ n R 
Since the expression must vanish for arbitrary and independent values of dU, 
and ау, 


tlt. Р.Р = 
ТТ, 0 and ТТ 0 
or Р = рашт = Г, 
^ These are Ше conditions of mechanical and thermal equilibrium. 

(b) We will consider the equilibrium state of two simple subsystems 
(Fig. Ex. 11.6 (5)) connected by а rigid and disthermal wall, permeable to ane 
type of material (№) and impermeable to all others (А, М, ... №). We thus seek 
the equilibrium values of U, and of U}, and of N, , and №, , (i.e. material М, in 
subsystems | and 2 respectively.) 

At equilibrium, an infinitesimal change tn entropy 15 zero 


05 = 0 
Now dS = dS, + 45, 
-( 95, | ай,+( 95 5 
д0 ON 
| Wy ык 1-1 Ui Yi 83.3 та 


432) av, + ( 95; | ам. 
oU, \2. 1.2... ÎN,- U3, V4, 82. 


From the equation 
Таб = dU + pdV — udN 
| ES =L ЕЗ -.ü 
В QU), w.. ТАНД, T 
and dM, | T ам, z 0) 


dU, +40, = 0 


1 1 Ма Шы 
as={+ -— jag, -| HH - £2 Jaw =0 
Е x | Е =) m 


As d5 must vanish for arbitrary values of both dU, and dN, , 
Ту = Т, 
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which are the conditions of thermal and chemical equilibrium. 
(c) N,-0.5g mol, № =0.75 g mol 
T,,-200K, T,,—300K 
V=¥,+¥,=0.02m 
U, + U, = constant 
AU, + AU, = 0 
Let T; be the final temperature (Fig. Ex. 11.6 (с)) 
(Оет U 9 = (0р5 - U2) 


2 МТ. Тл) = - 2 RN, (4-7 1, 3) 


0,S(T, 200) = — 0.75(T, — 300) 
z^ 1.25 Tr- 325 
Or T, = 260 К Ans. 


U, = SRN T= 5 х 8.3143 х 0.5 x 1072 х 260 = 1.629 kJ 


Un» = 3 x 8.3143 x 0.75 x ИГ? x 260 = 2430 kJ 


RNT au 
ys At equilibnum 
PrA Pri ^ Pe РЕ Ans. - 
RM 
= ЕР, Tey = Tpa = Te 


Pt-2 
РТ RH (М, + Му) = 0.02 п? 
Pr 


8.3143 x 260 
Py 


_ 83143 x 260 x 125 x 10? 
Pr 0.02 
= 135 kN/m^ = 1.35 bar 


=з | 
ду = 83143 х 05х 107 x 260 _ уров m? 


D V, = 0.02 – 0.008 = 0.012 m | Аяз. 
Example 11.7 Show that for a van der Waals’ gas 


| oc, } _ 
{а} (%) 0 


(b) (32-3) =R ln 


х 1.25 x 10° = 0.02 тп? 


kN/m” 


о, — b 
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(с) То – b)" = constant, for an isentropic 


R 
d rh 
(0 6-6 о уурту 


Ө ини (рз - тә) +o 2-1) 
1 


vy 


Solution (а) From the energy Eq. (11.13) 
dU „адр 
ысы 


War 58) ЕЗ) (à), 


U _ 22 
Р.Т дт? A, 
„(аи 
(97) 


ЕЗ -2U . 24 -() 
For a van der Waals’ gas | 


(p+ i |e 6) = АТ 


. RT а 
P v-b т? 

Фр = 

E v 9 

x) -0 Proved (а) 


2. с, is independent of volume. 
(b) From the first Tds Eq. (11.8) 


Tds = sare r( SP) dv 


and елегеу Eq. ius) ($2 2 | -7( 3) -> 
Т 


ман ы 
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For wan der Waals’ was 


(5; —3\)т = R n- 


(с) At constant entropy 


or — +—-+~—— =] 
Г с,:-% 


by integration, 7(v — Ьу С” = constant 


ЖЕСІР 
"|, 
d 


ч a 


15) 
(3 
c 


au ЗР |, p= 
©) ЕЗЕ r( 32 Pe? 


Proved (b) 


Proved (с) 


Proved (d) 


du, = sr dey 
1 1 
(n tr 4 77 г; | 
^ (5 — hx = (ру) - рүп) + 48 - +) Proved (е) 
+ 7) 


Example 11.8 The virial equation of state of a gas is given by 
ре=ВТЇ+р+ Ср +...) 


lim ЕЗ -v|s вт? dE. 
poo | ar р dI 
Hence, prove that the inversion temperature of a van der Waals’ gas is twice 
the Boyle iemperature. 


Solution 


Show that 


pu=RT (1+ Rpt Ср +...) 
p= ЖТ 4 RTE + RTpC +... 
р 


R ав’ ac’ 
-RTÉÉ + ВВ’ + АТ, 
) = ат Par 


+ Rpt" +.. 


р 
-AR Re T. + RIB’ + RT C + RTpC +... 
р 


2 Р t 
_ RT [45 КЕС» e] 


For a van der Waals’ gas, to find Boyle temperature Tp, 


В=Ь— 1 =0 
RT 
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a 
Ta 7 ук 
..B _ 6 a 
. RT RT К?Т: 
az b 2а 


ee „цу 


ar (- È X 22 ) 
sr lim H; = Cy RT? Rr =0 


=Ù 
_b _ 2a 
RT? Т? 
"EH 
bR 
2, T, = 27 
or Inversion temperature = 2 x Hoyle temperature Proved 


Example 11.9 Over a certain range of pressures and temperatures, the 
equation of а certam substance is given by the relation 


.ART C 
p Г 
where C is a constant. Detive an expression for: (a) the change of enthalpy and 
(b) the change of entropy, of this substance іп ап isothermal process. 


Solution (а) From Ед. (11.15) 


д 
dk =c, dT | - (32) № 


Now, 
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_ 4C 
UAE 
Оп substitution, 
"RES 
Py 
4c 
=r Ph 
(b) Using second 745 equation 
_ dv 
Tds = c dT (5) м 
do 
(8) + 
4, [R,3C 
(5 “т Jer 


- si} = R In PL " Le mri Pak 


Example 11.10 Agron gas is compressed reversibly and isothermally ai the 
rate of 1.5 kg/s from 1 atm, 300 K to 400 atm. Calculate the power required to run 
the compressor and the rale at which heat must be removed from the compressor. 
The gas is assumed to obey the Redlich-K wong equation of state, for which the 


constants are: 


rs 
а = 0. долав E e and b = 0.08664 ----- 


t 


For argon, 7, = 151 К and p, = 48 atm. Take R = 0.082 litre-atmvgmol-K. 


Е? Т, 
Ре 


Solution Substituling the values of p,, T, and К, 


2 2.5 2 REN: 
8 ee =16Ёх poi АЧАК "cm 


а = 0.4274 
(вто!) 


(82158 _ 224 23 
48 ^. gmol 
Substituting the numerical values ofp,, Ta, а, b and А into the Redlich-E wong 


b = 0.08664 


equation 
р= AL 
v-b T"? yp 45) 


02 — 49.24 0; + 335.6 v, — 43,440 = 0 


from which we ohtain 
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D, = 56.8 cm'/gmol 


Since p, = 1 atm, the volume of the gas at the initial state can be obtained from 
the ideal gas equation: 


Rh 82x 300 
П--------- 


Р 1 
For isothermal compression, 


р 
P р Т 


Now, Apv) = р dt +v dp 


| v dp = p-p- if | 
T 


Pi Y] 


Since F), 7 4%), т) 


= 24,600 cm?/gmol 


Hence, 


Ah; = hz — Ay = PW- ру - 1, - ЕЗ 5 
М т 


Ы! 


According to Redlich-K wong equation, we have, 


ЕЗ Аа 
97), г-% 2Т°'?щю+Ь) 


у ~ За 
Алу = й — Ay = (030 ~ рур) - E 
" AT'^v(D-b) т 


1.5а 1 In (г, + by v, 


(P; 2-Fi » Т? b (т + Бут, 


Substituting the numerical values, 
A, — h, =- 1,790 Fgmol 


waza ve] | [=] 
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For the Redlich-K wong equation this becomes, 


Y 
РТ v(v + В) 1 


-б а (v, + Бур, 
-8 251 (р, + Б), 


Substituong the numencal values, 


13-41-57 J/gmol-K 
Qu; = RT, (s, – 5) 
10° g/h J 


———— —- x 300 К x (- 57) ———— 
39.8 g/gmol c3» g mol K 


– 4.29 x 10" Jh 
- 11.917 kW (heat removed from the gas) Ans, 


= 01+ m – k) 


5 
=~ 4.29 x 107 + = x 1790 


it 


= 
i 


=- 3.84 x 10 J/h 
= - 10,67 kW (Work is done on the gas) Ans. 


REVIEW QUESTIONS 


11.1 
11,2 
11.3 


11.4 
11.3 


11.6 


11.7 


11.8 


11.9 


What is the condition for exact differential? 

Derive Maxweli’s equations. 

Write down the first and second 745 equations, and derive the expression for the 
differcoce in heat capacities, C, and C,- What does the expression signify? 
Define volume expansivity and isothermal compressibility. 

Show that the slope of an isentrope ts greater than thai ef an isotherm on 2—0 plat. 
How is it meaningful for estimating the work of compression? 

What is ihe energy equation? How does this equation lead to the derivation of the 
Siefan- Boltzman law of thermal radiation? 

Show that the internal energy and enthalpy ef an ideal gas аге functions of 
temperature only. 

Why are dif= C, dT and dH = C, dT true for an idea! gas in any process, whereas 
these аге true for any other subsiance only at constant volume and at constant 
pressure spectively? 

Explain Joule-Kelvin effect. What is inversion temperature? 


11.10 What is Joule-Thomson coefficient? Why із И zero for an ideal gas? 
11.11 Why docs the hydrogen gas need to be precooled before being thronled to get the 


cooling effect? 


11.12 Why does the maxumurn temperature drop occur if the state before chrodling lics 


on the inversion curve? 


11.13 
11.14 
11.15 


11.16 


11.17 
11.18 


11.19 


[1.20 


[1.21 
11.22 
11.23 
11.24 
11.25 
11.26 
11.27 
11.28 


11.29 
11.30 


11.3) 
11,32 
11.33 


11.34 
11.35 
11.36 
11.37 


18.38 
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Why does the Gibbs function remain constant during phase transition? 

Wha йге the characteristics of the first onder phase transition? 

Write down the representative equation for phase transitian. Why dees the fusien 
Иле for water have negative slope on the p—T diagram? 

Why is the slope of the sublimation curve at the triple point on the р-Т diagram 
greater һал that of ihe vaporization curve at ihe same point? 

Explain how thermodynamic properties are evaluated from an equation of state. 
Illustrate how enthalpy change and entropy change of а gas сап be estimated 
with the help of an equation of state. 

Stau ihe imporrant thermodynamic criteria which an equation of state should 
saiisty. 

Explain how the Boyie teraperarure is yielded wheo: 


lim (8Z/ap); = 0 
pao 


Whar ts foldback temperature? 

Show that for an inversion curve (94797), = (), 

Define chemical potential o£ a component in terms of U, Н, F and GG. 

What is the use of the Gibbs enitopy equation? 

Explain the significance of the Gibbs- Duhem equation. 

Stale the conditions of equilibrium of a heterogencous system. 

What do you understand by phase equilibrium" 

Give the Gibbs phase rule for a nonreactive system. Why is the triple point of a 
substance nonvariant? 

What are the four types of equilibrium? What is stable equilibrium? 

State the conditions of spontaneous change, equilibrium and criterion of stability 
for: (a) a system having constant U and F (i.c, isolated), and (b) system having 
conslant T and p. 

What do you understand by neutral and unstable equilibrium? 

Whal is metastable equilibrium? 

Show that for a system to be stable, these conditions are satisfied 

(а) С,>0 {thermal stability) 


Әу 


How 15 the third law a fundamental law of nature? 

Explain the phesomenon of adiabatic demagnetisntian of a paramagnetic salt. 
How are temperatures near absolute zero estimated? 

Give the Fowler-Guggenheim siatement of thini law. How is it different from the 
Nernst-Simon statement of third law? Give the third equivalent statement of the 
third law, 

State some physical and chemical facts which substantiate the third Law. 


(b) (2%) <0 {mechanical stability) 
T 


PROBLEMS 


11.1 


Derive the foliowing equations 


OF) _ QF/T 
(a) U r-ri) -r i 


112 


11.3 


J F 
(b) c=- r( 2E) 
po paG) | af aGIT 
(с) H=G (52) = roar т } 
926 
(4) НЕЗ 
ќа) Derive the equation 
де, ) | а?р 
E | p (52 ) 


(b) Prove that c, of an ideal gas is a function of Tanly. 
(c) In the cose of a gas obeying the equation of state 


КТ 0 
where B" is a function of T only, show thal 


eo AE © в” D+) 


where (c), 15 the value at very large volumes. 
Derive the third 745 equation 


ee (E] ess (Eje 


and show that the three Тал equations may be writien as 
(а) Tas = C, dT + — ч 

(5) 56817 "m 
C, 
“3 BV 


dF 


11.4 Derive the equations 


oot ar) lar), 


ДЕЗЕ: 
) oT FBT 
(Әр97, — ry 


(© адат, у-1 


11.5 Derive the equations 


11.6 


11.7 


11.8 


11.9 


11.10 
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(c) (027/07), _ 1 
(9 ИРТ), 1-7 

(a) Prove that the slope of a curve on а Mollier diagram representing a reversible 
isolhermal process is equal to 


т- і. 


В 


(b) Prove that the slope of a curve ола Mollier diagram representing a reversible 
isochoric process is equal lo 


(а) Show that 


For 1 mole of a gas, in ihe region of moderate pressures, the equation of slate may 
be written as 


ET = 1+ Вр + С’? 


where В” and С” are functions of temperature only. 
(b) Show that as p — 0 


— da 
с, > RT? — 
Hy р ат 
(с) Show that the equation of the inversion curve 18 
| dear 
ac dT 


Prove the following functional relanonship of the reduced properties for the 
inversion curve of a van der Waals’ pas 


Er 


330, -17 9(2v, - 1) 
i= E and d 
: 4р? Ре 2: 
Hente, show that 
Maximum inversion temperature _ 6.75 
Critical temperature | 
and Minimum inversion сшрегыше уос 
Critical temperature 
Estimate the maximum inversion temperature of hydrogen if it is assumed to 
obey the equation of state 


pV-RI*B,p*B,p + Вур +... 
For hydrogen, В, ж 19? =а + 107 br ^ IP ТГ 
where a = 166, b = — 7.66, ¢ =- 172.33 
The vapour pressure of mercury at 399 K and 40) K is found to be 0.988 mm and 
1.084 mm of mercury respectively. Calculate the latent heat of vaporization of 
liquid mercury at 400 K. 
Ану. 61,534.96 kJ/kg mol 
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H.L 


11,12 


LE. E3 


[1.14 


11.15 


11.16 


11.17 


11.18 


In the vicinity of the triple point, the vapour pressure of liquid ammonia (in 
atmospheres} 15 represented by 
3063 
In p = 15.16 - 
PT E 
This is the equation of the iiquid-vapeur boundary curve in а p-T diagramo. 
Similarly, the vapour pressure of solid ammonia із 


in p- 1819 222 


(а) What is the temperanme and pressure at the triple point? 
(b) What are the latent heals of sublimmion end vaporizatron? 
(c) What is Ihe tem beat of fusion at the tiple point? 

Ans. 195.2 K, 0.585 atm., 1498 kJ/kg, 1836 kJ/kg, 338 Шр 
It is found that a certain hgud bails at a temperature of 95°C at ihe top of a hill, 
whereas it boils at a temperature of JO5°C at the bottom. The latent heat is 
4.187 ж mole, What is che approximate height of the hill? Assume 7, = 300 К. 


Ans, 394 т 
Show that for an ideal gas in a mixture of ideal gases 
dj, = P arn, dp e RTA nn 
Compute 4, for a gas whose equation of state ia 
p(r-b)-RTF 
Ans. ut, 7 — bic, 


Show that 


ДЕ ЕЛ 


дысы 


Two panicular systems have lhe following equations of state 
] _ 3z NU | 35g? 
"qu 7 АА pU and те” PE y? 
where А = 8,3143 "m mol К. The mole number of the firs system is Mt! = 2, 
and that of the second is М? = 3. The two systems are separated by а diathermal 
wall, and the имај energy in the composite system is- 25.120 kJ. Wat is Ше 
internal energy of each system in equilibrium? 
Ант. 7.2 kJ, 17.32 kJ 
Two systems with the equations of state given in Problem [1.16 are separated by 
a dialhermal wall, The respective mole numbers are MU = 2 and М) = 3, The 
initial temperatures are T! = 250 K and 7 = 350 К. What ше the values of 
UC and UU afer equilibrium has been established? What is the equilibrium 
temperarure? 
Ans. 8.02 kJ, 20.04 kJ, 321.4 K 
Show that the change in latent beat £ wrth temperature із given by the following 
relation 


11.19 


11.20 


11.21 


11.22 


11,23 


11.24 


11.25 


Thermodynamic Relations, Equilibrium and Third Law === 453 


dL DE 
+ - L 
(45) - (су - 6 - p" 
Show that for а van der Waals’ gas, he Joule: Thomsen coefficient is given by 
m 2 |222. by – АТ? | 
| e, L RT - 2a(o - b 


At 273.15 K the specific volumes of water and ісе are 0.001 and 0.001091 т?р 
and the latent heat of Fusion of ісе is 334 kJ/kg. Determine the melting point 
increase due to increase af pressure by 1 atm {101.325 kPa). 

Ans. - 0.00753 K 
Calculate the latent heat of vaponzation of steam formed by boiling water under 
a pressure of 101.325 kPa At a pressure near this, a rise of temperature of 1 K 
causes ап increase of vapour pressure of 3.62 kPa. 

Ans, 2257 kJ ‘ke 

It is known that radiation exerts a pressure р = 1/3 u, where и is the energy per 
unit volume. 
(a) Show that 


di = Tds + Ln- Su MY 
y 3 


where 5 is the entropy per unit volume. 
(b) Assuming и and s as functions of temperature only, show that 
(i) w= Ағ 


üi) s= ат 
(ii) ы = ат 


where 4 is the constant of integration and а = 81/256 А. 
(c) Show that the average time radiation remains in а spherical enclosure of 
radius ғ is given by 
ár 


і = — 


ET. 
where c 15 the speed of radiation. 
(d) If Eg 15 the energy emitted per unit area of spherical surface per unit time, 


show that 
Ep ш ат! 
where c = ac/4 and T is the temperature of the surface. 
Show that the inversion temperature of a van iler Waals" gas is given by 7, = 2a/ 
bR. 
Show that: 


du) әт) 
© (2, " "C37. 


(b) (=) =- г 80/7) 1) 
др fr oT J, 
Show that for à van der Waals’ gas at low pressures, a Joule-Thomson expansión 


fram pressure p, to p; produces a temperature change which can be found from 
the solution of 
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75 -I 
1-1 


Ср 
р-р. = 9! - T3) * 7, In 


where 7, is Ше inversion temperature. 
11.26 Using the Redlich-Kwong equation of state, develop expressions for the changes 
in entropy and internal energy of a gas in an isothermal process. 


0, – Ё a 2E ard 


+ 
p(t, +5) 


Ans. (5) — ху, =Й lo 
(53 ut ру – Ё 3p? 


v {9 + Б) 
u(t, +5) 
11.27 Find the change of етигору of а gas following Clausius equation of state at 


a 
е-е ззат] 


constant temperature 

po- Б) = RT 

Ans. Bin 22 b 
Di = b 
11.28 (а) Show that for a van der Waals’ gas 
B- Ry (v- b) 
RT?) -2a(v - b! 
k= v!(p- by 

RT»! —2a(v – by 
(b) What is the value of k/f expressed in its simplest form? 
(с) What do the above relations become when a = 0, ^ =0 (ideal gos)? 

11.29 (a)Show that 
„ {ди k 
o (8) -*. 
Эрл В ' 
[0 с 
(i) EJ =- -p 
ъ р Ug 
(b) Hence show that the slope of a reversible adiabatic process on p-v 
coordinates is 
dra Y 
dv kt 


where & is the isothermal compressthility. 
11.30 According to Berthelot, the @mpera ‘ure effect of the second virial coefficient is 
given by 
в а 
H(r2-—-—— 
(T) T p 
where п and 5 are constanis, Show that according іс Berthelot, 
ТЫТА = 45 
11.31 The following expressions for the equation of state and the specific heat c, are 
obeyed by a certain gas: 


о= ЁГ кат und c, 7 4 BT + Cp 
P 


11.32 


11,33 


1.34 


11-35 


11.36 


11.37 
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where g, А, B, С are constants. Obtain an expression for (2) the Joule-Thomson 
coefficient, and (b) the specific heat c,. 
ат: CRT (2: or) 
Ans. =————— (б) =A + BI + ————- &| ——— 
ns. (8) Hy A+ BT + Cp OD) by r- af? v-ar 


Determine the maximum Joule-Fhomson inversion temperature in terms of ihe 
critical temperature T. predicted by the 
(а) van der Waals equation 
(b) Redlich-K wong equation 
(c) Dieterici equation 
Ans. (a) 6.75 Г., (b) 5.34 T, (c) 8T, 
From the vinal form of the equation of slate of a gas 
v= Еа + АТВ (T) + АТС (T), * ... 


show інші the Jouie- Thomson coeHicient is 
Ат? аг [а> , 4€ +] 
Cy df dT 
(b} For a van der Waals gas 
bRT-a 


B(T)- FD г 


Show that the limiting value of Цу at low pressures 15 


- (22-0) 
= RT 


у” 


То В? 
Show that k,- k, = -2E 
Ep 
For a simple compressible system, show that 


ди _ т? а 

(e) EE эт | 
дА =_ TÌ Әг/7 

% ЕЙ r| m | 


The liquid-vapour equilibrium curve for nitrogen over the range from the tiple 
point to the normal boiling point may be exp essed by the relation: 


С 
logp- A —BT — — 
ЕР T 


where p is ihe vapour pressure in mm Hg, T is the temperature іп K, and 
A = 7.782, B = 0.006265, and C = 341.6. 
(а) Пепуе an expression for Ше enthalpy of vaporization 4, m terms of A, В, C, 
I and v; 
(b) Calculate Ay, for nitrogen at 71.9 K with vg = 11,530 cm"/gmol. 
Ans, 5,790 Jigmol 
For à gas obeying the van der Waals equation of state, show that: 


йо 
G) fee у БЕТ 
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11.38 


2 
(h) | de, | = r| = | = (to prove that c, ва function of temperature only. 
T v 


= RT 2uv? — бобр" 
(p ао"? + Забо? р 


to prove thate, Гога van der Waals pas is not a function of temperature only. 
(d) Tbe relation berween 7 and v is given by: 

Пр — hY = constam 
(е) The relation between p and 0 is given bv: 


E + +e — py! * V^ = constant. 


Mitrngen at a pressure of 25D atm and a temperature of 400 К expands reversibiy 
ami adiabatically in а rurbine to an exhaust pressure of 5 aum. The Now rate is 
1 kg/s. Calculate the power output if nitrogen obeys the Redlich-K wong equation 
of siale. For nitrogen at | atm take, 

c, = 6,903 – 0.3753 x 1077+ 1.930 x 10^T* — 6.861 x 1077" 
where e, is in cal/gmol-K and T is т Ж. 
For nitrogen, Т. = 126.2 K, 


р. = 33.5 aum. Ans. 272 kW 
Hints: See Fig. P-11.34 
b, — hy = (hy — ha) + (Ag — Б) Us - Ay) and 
у-у = O= (5, ~ 34} + (84 — 54) + (53 — $.) 
a =15.4 x 10° atm/K'? сп ртої), Р = 26.8 спа ате 
By trial-and-error, v, = 143 ст /gmol, v, = 32,800 cm'/gmol 
T, = 124 KA, -A = 7.61 епо]. 


-— ИШ NM 
Vapour Power Cycles 


12.1 Simple Steam Power Cycle 


А power cycle continuously converts heat (energy released by the burning of 
fuel) into work (shaft work), in which a working fluid repeatedly performs а 
succession of processes. Іп the vapour power cycle, the working fluid, which 15 
water, undergoes a change of phase. Figure 12.1 gives the schematic of a simple 
steam power plant working on the vapour power cycle. Heat is transferred to 
water in the boiler from an external source (furnace, where fuel is continuously 
burnt) to raise steam, the high pressure, high temperature steam leaving the boiler 
expands іп the turbine to produce shafl work, the steam leaving the turbine 
condenses into water in the condenser (where cooling water circulates), rejecting 


High pressure, high 
lemperature steam 


Condanser 


Condensate + 
pump == |) 
——— Ел. 

High pressure water 


Fig. ІЗІ Simple steam power plant 
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· heat, and then the water is pumped back to the boiler. Figure 12.2 shows how a 
unit mass of the working fluid, sometimes tn the liquid phase and sometimes in 
the vapour phase, undergoes various extenal heat and work interactions in 
executing a power cycle. Since the fluid is undergoing a cyclic process, there will 
be no net change in its inernal energy over the cycle, and consequently the net 
energy transferred to the unit mass of the fluid as heat during the cycle must equal 
the net energy transfer as work from the fluid. Figure 12.3 shows the cyclic heat 
engine operating on the vapour power cycle, where the working substance, water, 
follows along the B-T-C-P(Boiler-Turbine-Condenser-Pump) path, interacting 


State change State change State change State change 


fram 4 to 1 from 1152 fram 2 io 3 from 3 lo 4 
(in boiler) (in turbine) {in condenser) (in pump) 
Fig. 12.2 One kg H,O executing a heat engine cycle 


Source = Q4 Sink 
(Fumace) (River or sea} 
T, Т; 


Fig. 12.3 Cyclic heat engine with water as the working fluid 


externally as shown, and converting net heat input to net work output 
continuously. By the first law 


È Qu = 2. Poe 
eyele cycle 
or Q - 9, = Вт- В, 
where (2, = heat transferred to the working fluid (kJ/kg) 
О, = heat rejected from the working fluid (kJ/kg) 
Ит = work transferred from the working fluid (kJ/kg) 
W, = work transferred into the working fluid (kJ/kg) 


The efficiency of the vapour power cycle would be given by 


= ж 
БЕ ааа р а ә. 


=1-@ {12.1) 
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12.2 Rankine Cycle 


For each process in the vapour power cycle, it is possible to assume a hypothetical 
ог ideal process which represents the basic intended operation and involves no 
extraneous effects. For the steam boiler, this would be a reversible constant 
pressure heating process of waler to form steam, for the turbine the ideal process 
would be a reversible adiabatic expansion of steam, for the condenser it would be 
a reversible constant pressure heat rejecüon as the steam condenses till it becomes 
saturated liquid, and for the pump, the ideal process would be the reversible 
adiabatic compression of this liquid ending at the initial pressure. When all these 
four processes are ideal, che cycle is an ideal cycle, called a Rankine cycle. This 
is a reversible cycle. Figure 12.4 shows the Now diagram of the Rankine cycie, 
and in Fig. 12.5, the cycle has been plotted on the p-t, Г-х, and A-s planes. The 
numbers on the plots correspond to the numbers on the flow diagram. For any 
given pressure, the steam approaching the turbine may be dry saturated (state 1) 
wet (state 1^), от superheated (sinte1*"), but the fluid approaching the pump is, in 
each case, saturated liquid (stre 3), Steam expands reversibly and adiabiatically 
in Lhe turbine from state 1 to state 2 (or I’ to 2”, or 1" to 2^, the steam Icaving the 
turbine condenses ta water in the condenser reversibly at constant pressure from 
біліс 2 (or 2’, or 2") to state 3, the water at stale 3 is then pumped to the boiler at 
state 4 reversibly and adiabatically, and the water ts heated in the boiler to form 
sieam reversibly at constant pressure from state 4 to state ] (or Гог 177. 


Baler 
Q1 


Condenser м2 CON 


Fig. 12.4 A simple steam plant 


For purposes of analysis the Rankine cycle is assumed to be carried out in a 
steady flow operation. Applying the steady flaw energy equation to each of the 
processes on the basis of unit mass of fluid, and neglecting changes in kinetic and 
potential energy, the work and heat quantities can be evaluated іл Lerms of the 
properties of the Лин. 
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Fig. 12.5 Rankine pede оп p-r, T-s and h-s diagre ms 


For 1 kg fluid 
The S.F.E.E. for the boiler (control volume) gives 
+0, = №; 
- О, =A – №. (12.2) 
The S.F.E.E. for the turbine as the control volume gives 
M = Wy + hy 
А, = лу – №, (12.3) 
Similarly. the SEEE for the condenser is 
hy = 0, +В, 
Q,-A,-h, (12.4) 
and the S.F.E.E. for the pump gives 
A, + ia = 
М =h,- А, (12.5) 
The efficiency of the Rankine cycle is then given by 
p- Ha F- (АА) (А) |, 


о A hy — hy 
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The pump handles liquid water which ts incompressible, i.e., its density or 
specific volume undergoes little change with increase in pressure. For reversible 
adiabatic compression, by the use of the general property relation 

Tdr = dh – vdp; dr = 0 


and dh = ткір 
Since change in specific volume is negligible 
Ай =u Ap 
or hy h = 05 (ру — pj) 
If v is in ш Ко and p is in bar 
hy — hy = vp, - pz) х 10° ИКЕ (12.7) 


The work ratio is defined as the ratio of net work output to positive work output. 
: Й, - 
i work ratio е, ИТ Po 
Wr BT 


Usually, the pump work is quite small compared to the turbine work and is 
sometimes neglected. Then Ay = hy and the cycle efficiency approximately 
becomes 


hy - hy 
h, — ha 

The efficiency of the Rankine cycle ws presented graphically in the T—5 plot in 
Fig. 12.6. Thus (9, is proportional to area 1564, O- 13 proportional to area 2563, 
and Fa (—(, - ©) I5 proportional to area 1 2 3 4 enclosed hy Ше cycle. 


mz 


Fig. 12.6 Qy. Wa and Q; are properiional to areas 


The capacity of a steam plant is oflen expressed in terms of steam rate, which 
is defined as the rate of steam flow (kg/h) required to produce unit shafi output 
(1 kW). Therefore 


| — №1 
Wr- Вр kJ IEW 


+ ke . 300 FK (12.8) 
W.-W, kWs р И kWh 


Steam rate = 
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The cycle efficiency is sometimes expressed alternatively as heat rate which 
is the rate input (Q4) required to produce unit work output (1 kW) 


From the equation №, = – | v dp, it is obvious that the reversible steady-flow 


1 
work is closely associated with the specific volume of fluid flowing through the 
device. The larger the specific volume, the larger the reversible work produced or 
consumed by the steady-flow device. Therefore, every effort should be made to 
keep the specific volume of a fluid as small as possible during a compression 
process Lo minimize the work input and as large as possible, during an expansion 
process to maximize the work output. 

In steam or gas power plants (Chapter 13), the pressure rise in the pump or 
compressor is equal to the pressure drop in the turbine if we перієсі the pressure 
losses in various other compoueots. In steam power plants, the pump handles 
liqnid, which has a very small specific volume, and the turbine handles vapour, 
whose specific volume 15 many ames larger. Therefore, the work output of the 
turbine is much larger than the work input to the pump. This is one of the reasons 
for the overwhelming popularity of steam power plants in electric power 
generation. 

If we were to compress the steam exiting the turbine back to the turbine inlet 
pressure before cooling it first in the condenser in order іс "save" the heat 
rejected, we would have to supply all the work produced by the turbine back to 
the compressor. in reality, the required work input would be still greater than the 
work ouput of the turbine because of the inreversibilities present in both 
processcs (see Example 12.1). 


12.3 Actual Vapour Cycle Processes 


The processes of an actual cycle differ from those of the ideal cycle. In the actual 
cycle conditions might be as indicated in Figs 12.7 and 12,8, showing the various 
losses. The thermal efficiency of the cycle is 


Wa 
à 


where the work and heat quantities are the measured values for the actual cycle, 
which are different from the corresponding quantities of the idea! cycle. 


Па” 


12.3.1 Piping losses 


Pressure drop due to frictiou and heat logs to the surroundings are the most 
important piping losses. States 1° and 1{Fig. 12.8) represent the states of the steam 
leaviog the boiler and entering the turbine respectively, 1’ — 1" represents the 
frictional losses, and 1"—1 shows the constent pressure heat loss to the 
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БЕ Ом 

t 
Turbine -7—»- Wy < (hy – hz) 
< (f; — ha) 


WE > (hy — №) > (hu, — hy) 
Fig. 12.7 Variour doors in a steam plaut 


Fig. 12.8 Гало domes on T-s plot , 


surroundings. Both the pressure drop and heat transfer reduce the availability of 
steam entering the turbine. 

А similar loss is the pressure drop in the boiler and aiso in the pipetine from the 
pump to the boiler. Due to this pressure drop, the water entering the boiler must 
бе pumped fo a much higher pressure than the desired steam pressure leaving the 
boiler, and requires additional pump work. 


12.3.2. Turbine Losses 


The losses inthe turbine are those associated with frictional effects and heat lossto 

the surroundings, The steady Now energy equation for the turbine in Fig. 12.7 gives 
Ay =A, + Wt Qu, 

2. Fi = hy -A — Ора (12.10) 

For the reversible adiabatic expansion, the path will be 1-28. For an ordinary 

real turbine the heat loss 15 smail, and FF, is 4, - В, with Q, equal to zero. Since 
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actual turbine work is less һап Lhe reversible ideal work output, A, 15 greater than 
Лә, However, Ш Шеге is heat Joss to the surroundings, A, will decrease, 
accompanied by a decrease in entropy. if the heat loss is large, the end state of 
steam from Lhe turbine may be 2’. It may so happen that the entropy increase due 
to fictional effecis just balances the enuropy decrease due to heat loss, with the 
result that Lhe initia? and Anal entropies of steam in the expanston process аге 
equal, but the expansion is neither adiabatic nor reversibie. Except for very 
email rurbines, heat loss from turbines 15 generally negligible. The isentropic effi- 
ciency of the turbine is defined as 
е 24-8 
т hy — hp, h, — А, (12.11) 
where Wy is the actual turbine work, and (й, — Aa) is the isentropic enthalpy drop 
in ihe turbine (1.¢., ideal output). 


12.3.3 Pump Losses 


The losses in the pump are similar to those of the turhine, and are primarily due to 
the irreversihilities associated with [uid friction. Heat 1ransfer is usually 
negligible. The pump efficiency ts defined as 


Mas — № іш-һ 
OM uL a 12.12 
њ ЖЕ? (219 


where Wp is the actual pump work. 


Пр = 


12.3.4 Condenser Losses 


The losses in the condenser are usually small. These include the loss of pressure 
and the сосітр of condensate below the saturation temperature. 


12.4 Comparison of Rankine and Carnot Cycles 


Although the Camot cycle has the maximum possible efficiency for the piven 
limits of temperature, it i5 not suitable in steam power plants. Figure 12.9 shows 
Ше Rankine and Carnot cycles on the 7-х diagram, The reversible adiabatic 
expansion in the turbine, the constamt temperature heat rejection in the condenser, 
and the reversible adiabatic compression in the pump, аге similar characteristic 
features of both the Rankine and Camot cycies, But whereas the heat addition 
process in the Rankine cycle ts reversible and at constant pressure, in the Carnot 
cycle it is reversible and isothermal. In Figs 12.9(а) and 12.9(c), (2, is the same in 
both the cycles, but since ©), 15 more, Feina 1$ greater than Як. The two 
Carnot cycles in Figs 12. Жа). and 12.96} have the same thermal elTicrency. 
Therefore, in Fig. 12.9(b) also, саты ^ Прапіеге- Gut the Carnot cycle cannot be 
realized in practice because the pump work [tn all the three cycles (а), (by, and 
(c)] 15 very large. Whereas іп (a) and (c) it is impossible to add heat at infinite 
pressures and at constant temperature from state 4c io state 1, im (Б). it ss difficult 


Vapour Poteer Cycle: —— 445 


(c) 
Fig. 12.9 Comparison of Сата and Rankine cycles 


to control the quality at 3c, so that isentropic compression leads to a saturated 
liquid state. 


12.5 Mean Temperature of Heat Addition 


In the Rankine cycle, heat is added reversibly at a constant pressure, but at infinite 
temperatures. If Тү is the mean temperature of heat addition, as shown in 
Fig. 12.10, so that the area under 45 and | is equal ta the area under 5 and Б, then 
beat added 


GO, =A — A = Tu (51-54) 


— s 
Fig. 12.10 Meran innperature of hral addition 
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Pap = Mean temperature of heat addition 


- hi Шш ^h, 
51 7 84; 


Since 0, = Heat rejected = А, — A, 
= Ja (5, — 54) 
= 2% у. T,(s, — 54.) 


а Ini (5, — S45) 

Тиши, = 1- 22 | (12.13) 
Ты 

where T; is the temperature of heat rejection, The lower is the 7, for a given Т, 1. 

the higher will be the efficiency of the Rankine cyele. But the lowest practicable 

temerature of heat rejection is the temperature of the surroundings (То). This being 


fixed, 


Палае =S (Trg) only (12.14) 

The higher the mean temperature of heat addition, the higher will be the cycle 
efficiency. | 

The effect of increasing the initial temperature at constant pressure on cycle 
efficiency is shown in Fig. 12,11, When the initial state changes from | to 1’, 7, 
between 1 and 17 is higher than 7,,, between 4s and 1. So an increase in the 
superheat at constant pressure increases the mean temperature of heat addition 
and hence the cycle efficiency. 


Fig. 12.01 0 Effect of suferheat on mean temperature of heat addition 


The maximum temperature of steam that can be used is fired from 
metallurgical considerations (1.e., the materials used for the manufacture of the 
components which are subjected to high-pressure, high-temperature steam like 
the superheaters, valves, pipelines, inlet stages of turbine, сіс.). When the 
maximum temperature is fixed, as the operaung steam pressure at which heat is 
added іт the boiler increases from p, to p; (Fig. 12.12), the mean temperature of 
heat addition increases, since Т, between 7 and 5 is higher than that between 45 
and і. But when the nirbine inlet pressure increases from p; to pa. the ideal expan- 


hi 
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sion line shifts to the left and the moisture content at the turbine exhaust increases 
(because лы, < Ja). If the moisture content of steam in the later stages of the . 
turbine is higher, the entrained water particles along with the vapour caming out 
from the nozzles with high velocity strike the blades and erode their surfaces, as 
a result of which the longevity of the blades decreases. From a consideration of 
the erosion of blades in ihe later stages of the turbine, the maximum moisture 
content at the turbine exhaust is not allowed to exceed 15%, or the quality to fall 
below 85%. It is desirable that most of the turbine expansion should take place in 
the single phase or vapour region. 


Fig. 12.12 Effect of increase of pressure on Rankine гусі 


Therefore, with the maximum steam temperature at the turbine iniet, the 
minimum temperature of heat rejection, and the minimum quality of steam at the 
turbine exhaust being fixed, ihe maximum steam pressure at the turbine inlet also 
gets fixed (Fig. 12.13). The vertical line drawn from 2s, fixed by Т, and x4, 
intersects the Toa line, fixed by material, at 1, which gives ihe maximum steam 
pressure at the turbine inlet. The itreversibility in the expansion process has, 
however, not been considered. 


Fig. 12.13 Fixing of erausi quality, maximum temperature and 
marimen реет in Rankine cycle 
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12.6 Reheat Cycle 


Ifa steam pressure higher than (pi), (Fig. 12.13) is used, in order to kimit the 
quality to 0.85 at the turbine exhaust, reheat has to be adopted. In that case all the 
steam after partial expansion in the turbine ts brought back to the boiler, reheated 
by combustion gases and then fed back to the turbine for further expansion. The 
flow, Т-к, and йу diagrams for the ideal Rankine cycle with reheat are shown in 
Fig. 12.14. In the reheat cycle the expansion of steam from Lhe initial sate 1 to 
the condenser pressure ік carried ont in two or more steps, depending upon the 
number of reheats used. Tn the first step, steam expands in the high pressure (H.P.) 
turbine from the initial state to approximately the sanirated vapour iine 
(process 1-25 in Fig. 12.14), The steam is then resuperbealed (or reheated) at 
constant pressure in the boiler (process 25-3) and the remaining expansion 
(process 3—4х) is carried out in the low pressure (L.P.) turbine. [n the case of use 
of two reheats, steam is resuperheated twice at two different constant pressures. 
To protect the reheater tubes, steam is not allowed to expand deep into the two- 
phase region before it 15 taken for reheating, because in that case the moisture 
parücles in steam while evaporating would leave behind solid deposits in Ше 
form of scale which is difficult to remove. Also, a low reheat pressure may bring 
down F y and hence, cycle efficiency. Again, a high reheat pressure increases the 
moisture content at turbine exhaust. Thus, the reheat pressure is optimized. The 
optimum гећеаі pressure for most of the modem power plants is about 0.2 to 0.25 
of the initial steam pressure. For the cycle in Fig. 12.14, for | kg of steam 


О: =Я, - hu t Ay Aa 


О, = hy, – As 
Wy =A — A, + А-А, 
В. =, — №, 
n= тт – ИЙ = (h — h, +% — ha) (й. — As) (12.15) 
4) А — А, + A, - №, 
2600 
Steam rate = — —— —————————— —— —— kg/k Wh (12.16) 
(hy hn, s hp) a Bg) PR 
where enthalpy is in kJ/kg. 


Since higher pressures are used in a reheat cycle, pump work may be 
appreciable, 

Had the high pressure ру beco used without reheat, the ideal Rankine cycle 
wonld have been 1—4's-5—-6&s. With the use of reheat, the area 25-3-44-47 has 
been added to the basic cycle. It is obvious that net work output of the plant 
increases wilh reheat, because (Ah, — й.) is greater than {h —A,’,). and hence the 
sieam rate decreases. Whether the cycle efficiency improves with reheat depends 
upon whether the mean temperature of heat addition in process 25-3 is higher 
than the mean temperature of heat addition in process 65-1. Ln practice, the use of 
reheat only gives a marginal increase in cycle efficiency, but it increnses the net 
wark ontput by making possible the use of higher pressures, keeping the quality 


Pi. h 
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Н.Р. 
Turbine 


Fig. 12.14 Reheat cycle 
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of steam at turbine exhaust within a permissible limit. The quality improves from 
Xas tO x4, by the use of reheat. 

By increasing the number of reheats, still higher steam pressures could be used, 
but the mechanical stresses increase at a higher proportion than the increase in 
pressure, because of the prevailing high temperature. The cast and fabrication 
difficulties will also increase. In that way, the maximum steam pressure gers 
fixed, and more than two reheats have not yet been used so far. 

In Fig. 12.14, only ideal processes have been considered. The ireversihilities 
in the expansion and compression processes have been considered in the example 
given later. 


12.7 Ideal Regenerative Cycle 


In order to increase the mean temperature of beat addition (7), aention was so 
far confined io increasing the amount of heat supplied at high temperatures, such 
as increasing superheat, using higher pressure and temperature af stcam, and 
using reheat. The mean temperature of heat addition can also be increased by 
decreasiug the amount of heat added at low iemperatures. In a saturated steam 
Rankine cycle (Fig. 12.15}, a considerable part of the total heat supplied is in the 
liquid phasc when heating up water from 4 to 4’, at a temperature lower than 7j, 
ihe maximum temperature of the cycle. For maximum efficiency, all heat should - 
be supplied at Г, and fecdwater should enter the boiler at state 4°. This may һе 
accomplisbed in what is known às an ideal regencrative cycle, the flow diagram 
of which 15 shown in Fig. 12.16 and the corresponding T—s diagram in Fig. 12.17. 


— 8 


Fig. 12.15 Simpi Rankine Cycle 


The unique feature of the ideal regenerative cycle is that the condensate, after 
leaving the pump circulates around the turbine casing, counterflow to the direction 
of vapour flow iu the turbme (Fig. 12.16). Thus, it is possible to transfer heat 
from the vapour as it flows through the turbine to the liquid flowing around the 
turbine. Let us assume that iis is a reversible heat transfer, i.e., at each point the 
termperature of the vapour is only infinitesimally higher thau the temperature of 
the liquid. The process 1-2' (Fig. 12.17) thus represents reversible expansion of 
steam in the turbine with reversible heat rejection. For any small step in the 
proeess of heating the water, | 
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Fig. 12.17  Idsal regenerative cycle an Т- plot 


AT( water) = — AT (steam) 
and As (water) = — As (steam) 

Then the slopes of lines 1-2” and 4-3 (Fig. 12.17) will be identical at every 
temperature and the lines will be identical in contour. Areas 4-4-В-а-4 and 
27-1-а-с-2” аге not only equal but congruous. Therefore, all the heat added 
from an external source (О) is at the constant temperature Т), and all the heat 


rejected (Q,) is at the constant temperature T., both being reversible. 
Then 


QO, = 4, А. = Ts - 54.) 
О, = hy — Ay = Tsy- 53} 
Since 


34: 33 = 5 — 92 
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or 3) — За’ — i; — 4; 
@ 1 


The efficiency of the ideal regenerative cycle is thus equal to the Carnot cycle 
efficiency. 
Writing the steady flow energy equation for the turbine 
А, — Wy hy + hy — hy = 0 
of Wr = (hy – hy) - (Eg ha) (12.17) 
The pump work remains the same as іл the Rankine cycle, i.e. 
Fp = А, ~ h; 
The net work output of the ideal regenerative cycle is tbus less, and hence its 


steam rate will be more, although it is more efficient, when compared with the 
Rankine cycle. However, the cycle is not practicable for the following reasons: 


(a) Reversible heat transfer cannot be obtained in finite time. 
(b) Heat exchanger in the turbine is mechanically impracticable, 
(с) The moisture content of the steam in the turbine will be high. 


12.8 Regenerative Cycle 


In the practical regenerative cycle, the feedwater enters the boiler at a teraperatire 
between 4 and 4” (Fig. 12.17}, and it is heated by steam extracted from 
intermediate stages of the turbine. The flow diagram of the regenerative cycle 
with saturated stearn at the inlet to the turbine, and the corresponding 7—s diagram 
are shown in Figs [2.18 and 12.19 respecuvely. For every kg of seam entering 
Ше turbine, let m, kg steam be extracted from an intermediate stage of the turbine 
where the pressure is p;, and it is used to beat up feedwater [(1 —лт,) kg at state В) 
by mixing in heatep.1. The remaining (1-- m} kg of steam then expands in the 
turbine from pressure p, (state 2) to pressure p, (state 3) when m, kg of steam is 
extracted for heating feedwater in heater 2. So {i — м, — m4) kg of steam then 
expands in the remaining stages of the turbine to pressure ра, gets condensed into 
water in the condenser, and then pumped to heater 2, where it mixes with m; kg of 
steam extracted at pressure ру. Then (1 — nt) kg of water is pumped to heater 1 
where it mixes withm, kg of steam extracted at pressure pa. The resulting 1 kg of 
steam is then pumped to Ше boiler where heat from an external source is supplied. 
Heaters | and 2 thus operate at pressures р, and p, respectively. The amounts of 
steam m; and т extracted from the turbine are such that at the exit from cach of 
the heaters, the state is saturated liquid at the respective pressures. The heat and 
work transfer quantities of the cycle are 


Wey = i(k,- Ag) + (1 -m)(h ha) + C1 — т, — ту) (йу - A) Ев (12,18) 
We = Hr + Bp + М; 
-(1-т-т) (hy - As) + {(1—т\|) (hg A) + 1 (ng hg) Kg (12.19) 
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О; = 1 (A, - Ayo) kJ/kg (12.20) 
Q, = (1 — m, – м), (Ag – As) КИЕВ (12.21) 
Cycle efficiency, n- a-9 = Wy ЯР 
а а 
Steam rate = LU. kg/kW h 
Fr — Wp 


In the Rankine cycle operating at the given pressures, p, and p,, the heat 
addition would have been from state 6 to state 1. By using two stages of 
regenerative feedwater heating, feedwater enters the boiler at state 10, instead of 
state 6, and heat addition is, therefore, from state 10 10 state 1. Therefore 


hj — ^y 


(Ta with reaeneraion — (12.22) 
5 — 50 
A — 
and (Fm without regeneration =— As {12.23} 
57% 
білсе (Та, аһ тедепсгайкзпі > (Т. такая гекстктагіоп 


the efficiency of the regenerative cycle will be higher than (Ша! of the Rankine 
cycle. 
The energy balance for heater 2 gives 


mh; к(1- m jig = ІА 


Prt 
1kg = 


Turbine 
Boller EZ Genersior 


d 
| 
| 
| Ай 
Ore p. 
Ира 
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Fig. 12.18 Regenerative cycle flow diagram with hoo ferdwater Мешін 
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и пн) kg 


(1- m - mj) kg 
Kon tS 


Fig. 12.19 fa) Regenerative cycle vn T-5 plot with decreasing maur of fluid 
(8) Regenerative cycle ап T-s plot fer unit mass of fluid 


7 m, 5-% (12.24) 
A, — № 
The energy balance for heater 1 gives 
mhi, + (1 — my — mg = (1 — mis 
hy — h, 
Or m;-(l-mj 


(12.25) ` 


From Eqs (12.24) and (12.25), m, and m, can be evaluated, Equations (12.24) 
and (12,25) can also be written alternatively as 


(1 — mi) (At — hg) = m, (А, — №5) 
Energy gain of feedwater = Energy given off by vapour in condensation 


Heaters have been assumed to be adequately insulated, and there is no beat gain 
from, or heat loss to, the surroundings. 
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Path 1-2-3-4 in Fig. 12.19 represents the states of a decreasing mass of. 
fluid. For 1 kg of steam, the states would be represented by the path 1-2'-3'— 4*, 
From equation (12.18), 


WB. = (Rh, — В) + {1 - mi) (A, — ha) + (1 — Hii - т.) (A, — fa) 


= (A, — hi) + (hy — hy) + (Ву — Ву) (12.26) 
where (1 ту) (Ay ~ 5) = 1 (hy — Ву) (12.27) 
(1 жут) (hy — ha) = 1 hy ha) (12.28) 


The cycle 1-2-2’—3’'—3"-4’-5-6-7-8-95_10~-1 represents 1 kg of working 
fluid. The heat released by steam condensing from 2 to 2' ntilized in heating up 
the water from 6 to 9. 


LI, — A) = 10, — Ag) (12.29) 
Similarly 

(Ау - Ay} = 108. — Як) (12.30) 

From equations (12.26). (12.29) and (12.30) 

Hy = Qn — Ay) — (Ay 7 Ry) — Ву- hy) 

= (лу — Ay) — (Ag — Ag) - (Ay — Ag) (12.31) 
The similarity of equations (12.17) and (12.31) can be noticed. It is seen that 
the stepped cycle 1-2-2-4-5-6-7-8-9-10 approximates the ideal regenera- 
tive cycle in Fig. 12.17, and that a greater number of stages would give a closer 


approximation (Fig. 12.20). Thus the heating of feedwater by steam ‘bled’ from 
ihe turbine, known as regeneration, carnotizes the Rankine cycle. 


Fig. 12.20 Regenerative cycle with many stages af feedwater krating 


The heat rejected 0, in the cycle decreases from {A4 — 54) to (Ay — 44). There is 
also loss in work output by the amount (Area under 2-2” + Area under 3 '—3”- 
Area under 4—4^), as shown by the hatched area in Fig. 12.19(b). So the steam © 
rate increases by regeneration, i.e., more steam has to circulate per hour to 
produce unit shaft output. 

Тһе enthalpy-entropy diagram of a regenerative cycle is shown in Fig. 12.21. 
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Fig. 12.21 Regenerative cycle оп h-s diagram 


12.9 ReheatRegenerative Cycle 


The reheating of steam is adopted when the vaporization pressure is high. The 
effect of reheat alone on the thermal efficiency of the cycle is very small. 
Regeneration or the heating up of feedwater by steam extracted from the turbine 
has a marked effect on cycle efficiency. А modern steam power plant is equipped 
with both. Figures 12.22 and 12.23 give the flow and 7—s diagrams of a steam 
plant with reheat and three stages of feedwater heating. Here 
W,-(h —-5h)t(1-moth; = Ay) + C1 – ту) (А. — 53 
+ (1 — mt, — m) (A, А) + (1 - m,—m,— m) (^h, — Az) kJ/kg 
Wp = (1 -m — м, — ту) (Ag — Ag} + C1 -mi — т) (А-В) 
+ (1 -т,) (йуу — Ау) + ys — hu) kJ/kg 


1kg 


4. 


Шы Мб Wee ша 
Fig. 12.22 — Refeat-regenerative cycle flow diagram 
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(1 — m) № 


(5 - m, - m) kg 


— Я 


Fig. 12.23 T+s diagram of reheai-regenerntive cycle 


Qj = Ut — Ays) + (L7 m) Qu ~ Ау) Ш/Қ 

and 

Q;-(l- m, - m,- nm) (Ay — hy) Ш/ 
The energy balances of heaters 1, 2, and 3 раче 

туйу + (1— т) = 1 ху 

m + (1 -m ~ туйу, =(1— т), 
тұ, + (1 ~ m — ma — mh - (1 mi — my 

from which күү, тту, and m, can be evaluated. 


12,10 Feedwater Heaters 


Feedwater heaters are of two types, viz., open heaters-and closed heaters. In an 
open at contact-rype heater, the extracted or bled steam ік allowed to mix with 
feedwater, and both leave the heater at a common temperature, as shown іп 
Figs 12.18 and 12.22. In a closed heater, the fluids are kept separate, and not 
allowed 10 mix together (Fig. 12.24). The feedwater flows through the tubes in 
the heater and the extracted steam condenses on the oulside of the tubes in ihe 
shell. The heat released by condensation is wansferred to the feedwater through 
the walls of the tubes. The condensate (saturated water at the sleam extraction 
pressure), sometimes called the heater-drip, Шеп passes through а trap into the 
next lower pressure heater. This, to some extent, reduces the steam required by 
that heater. The trap passes only liquid and no vaponr. The drip from the jowest 
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Fig. 12.24 Regenerative cycle flow diagram with closed feedwater heaters 


pressure heater could similarly be trapped to the condenser, but this would be 
throwing away energy to the condenser cooling water. To avoid this waste, a drip 
pump feed the drip directly into the feedwater stream. 

Figure 12.25 shows the Т—х plot corresponding to the flow diagram in 
Fig. 12.24. The temperature of the feedwater (at 'P or “о”) leaving a particular 
heater is always less than the saturation temperature at the steam extraction 
pressure (at e or g), the difference being known as the terminal temperature 
difference of the heater. 


Таса 
SAT ma \ 
1 4 ke — 

V (1- m - m kg 


= E 


Fig. 12.25  T—: diagram of regenarative cycle with closed feedwater heaters 
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The advantages of the open heater аге simplicity, lower cost, and high heat 
transfer capacity. The disadvantage 15 the necessity of 4 pump at each heater to 
handle the large fecdwater stream. 

A closed heater system requires anly a single pump for the main feedwater 
stream regardless of the number of heaters. The drip pump, if used, is relatively 
small, Closed heaters arc costly and may not give as high a feedwater temperature 
as do open heaters. [n most steam power plants, closed heaters are favoured, but 
at least one open heater is used, primarily for the purpose of feedwater deaeration. 
The open heater in such a system is called the deqeraror. 

The higher the number of heaters used, the higher will be the cycle efTiciency. 
If п heaters are used, the greatest gain in efficiency occurs when the overall 
iemperature rise і about н/п + 1) times the difference between the condenser 
and boiler saturation temperatures. (See Analysis of Engineering Cycles by КОЛУ. 
Haywood, Pergamon Press, 1973). 

If (Af)p 7 егес” Кова 200 (А, = temperature nse of feedwater И is seen 
that. 


n=0, (Ай, = 0 


_ _ _| 
n=], (ADey = (Ай | 
2 --- Gain = 4. (АҒЫ 


н-2, {Ань = + (Atho | | 1 
| 3 *— Gain = 12 Ao 
п=3, (Ай„= г (Ад |, 
—- Caine L 
п-4. (Ар = 3 a С” Өзіп- 204% 


Since the eycle efficiency 15 proportional to (Му the efficiency gain follows 
the law of diminishing return with the increase in the number of heaters. The 
greatest increment in efficiency occurs by the use of the first heater 
(Fig. 12.26). The increments for each additional heater thereafter successively 
diminish. The number of heaters is fixed up by the eoergy balance of the whole 
plant when it is found that the cost of adding another does not justify the saving in 
Q, or the marginal increase in cycle effieieney. An increase іп feedwater 
temperature may, in some cases, cause a reduction m boiler efficiency. So the 
пшпрег of heaters gets optimized. Five points of extraction are often used іп 
practice, Some cycles use as many as nine, 


42.11 Exergy Analysis of Vapour Power Cycles 


Let the heating for steam generation in the boiler unit is provided by a strearn of 
hot gases produced by burning of a fuel (Fig. 12.27). The distribution of input 
energy is showa in the Sankey diagram 12,27 (b) which indicates that only about 
307^ of the input energy to the simple ideal plant is converted io shaft work and 
about 60% is lost to the condenser, The exergy analysis, however, gives a 
different distribution as diseussed below. 

Assuming that the hot gases are at atmospheric pressure, the exergy input is 
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Fig. 12.26 — Effect of the use of number of heaters on cycle efficiency 
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Fig. 12.27 (a) T-s diagram, (b) Sankey diagram, (с) Стастап diagram 
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Similarly, the exergy loss rate with the exhaust stream is: 


Т, ds 
=W с Т | —-—1-1n — 
NEIN IE 3 


Е 1 Ti 
2-1-1] 


Марпа 
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Net exergy input rate in the steam generation process: 
а, ^ On - 8r, 

The exergy utiiization rate in the steam generator is: 

ap = w, K- 50 Тоб — 54] 
Rate of exergy loss in the steam generator: 

f= ar — аг 

The useful mechanical power output: 

= Wa wh, — А) - (В, - А] 
Exergy flow rate of the wet sicam to the condenser: 

пр M й — А) - Ту, — х;)] 

ut 

а - ар, 
Exergy Now or Grassmann diagram is shown іп Fig. 12.27 (c). The energy 
Hisposition diagram (b) shows that the major energy loss (7-675) takes place т 
the condenser, This energy rejection, however, occurs at a temperature close to 
the ambient temperature, and, therefore, corresponds to à very [ow exergy value 
(7-494). The major exergy destruction due to irreversibilities takes place in the 
steam generation. To improve the performance of the steam plant the finite source 


temperatures must be closer to the working fluid temperatures to reduce thermal 
. irreversibility. 


Second law efficiency, ni 


12.12 Characteristics of an Ideal Working Fluid in 
Vapour Power Cycles 


There аге certain drawbacks with steam as the working substance in a power 
cycle. The maximum temperature that can be used in sieam cycles consistent with 
ihe best available material is about 600°C, while the critical temperature of steam 
is 375°C, which necessitates large superheatine and permits the addition of only 
an infinitesimal amount of heat at the highest temperature. 

High moisture content is involved in going to higher steam pressures in order 
to obtain higher mean temperature of heat addition (7.1). The use of reheat is thus 
necessitated. Since reheater tubes are costly, dhe use of more than two reheais 15 
hardly recommended. Also, as pressure increases, the metal stresses increase, 
and the thicknesses of the walls of boiler drums, tubes, pipe lines, etc., increase 
not in proportion to pressure increase, hut much faster, because of the prevalence 
of high temperature. 

It may be noted that high Т. is only desired for high cycle efficiency. High 
pressures are only forced by the characteristics (weak) of steam. 

If the lower limit is now considered, it is seen that at the heat rejection 
temperature of 40°C, the saturation pressnre of steam is 0.075 bar, which is 
considerably lower than atmospheric pressure, The temperature of heat rejection 
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can be still lowered by using some refrigerant as a coolant in the condenser. The 
corresponding vacuum will be stil! higher, and to maintain such low vacuum in 
Ше condenser is à big problem. 

It is the low temperature of heat rejection that ts of teal interest. The necessity 
of à vacuum 15 à disagreeable characteristic of steam. 

The saturated vapour line in the 7-5 diagram of steam із sufficiently inclined, 
so that when steam is expanded to lower pressures (for higher turbine output as 
well as cycle efficiency), it involves more moisture content, which is oot desired 
from the consideration of the erosion of turbine blades in later stages. 

The desirable characteristics of the working fluid in à vapour power cycle to 
obtain best thermal efficiency are given below. 


(а) The fluid should have a high critical temperature so that the saturation 
pressure at the maximum permissible temperature (metailurgical limit) is 
telatrvely low. It should have a large enthalpy of evaporation at that 
pressure. 

(b) The saturation pressure at the temperature of heat rejection should be 
above atmospheric pressure so аз to avoid the necessity of maintaining 
vacuum in ће condenser. 

(c) The specific heat of liquid should be small so that tittle heat transfer is 

required to raise the liqnid to the boiling point. 

The saturated vapour line ofthe 7—s diagram should be steep, усту close to 

the turbine expansion process so that excessive moistnre docs not appear 

during expansion. 

(c) The freezing point of the fluid should be below room ternperature, 50 that 
it does not get solidified while flowing through the pipelines. 

(D The fluid should be chemically stable and should not eontaminate the 
materials of construction at any temperature. 

ір) The fluid should be nontoxic, noncotrosive, not excessively viscous, and 
low in cost. 


(d 


— 


The characteristics of such an ideal fluid are approximated in the 7—5 diagram 
as shown in Fig. 12.28. Some superheat is desired to reduce piping losses and 


—— кейі 


Fig. 12.28 — 7-: diagram of an ideal working fluid for а vapour power cycle 
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improve turbine efficiency. The thermal efficiency of the cycle is very close to the 
Carnot eihiciency. 


12.13 Binary Vapour Cycles 


No single fluid can тегі all the requirements as mentioned above. Although in the 
overall evaluation, water is better than any otber working Nuid, however, in the 
high temperature range, there аге a few better fluids, and notable among them are 
(a) diphenyl ether, (СН О, (b) aluminium bromide, 41-Вғ,, and (c) mercury 
and other liquid metals like sodium or potassium. From among these, only 
mercury has actually been used in practice. Diphenyl ether could be considered, 
but it has not yet been used because, like most organic substances, it decomposes 
gradually at high temperatures. Aluminium bromide ts a possibility and yet to be 
considered. - 

When р = 12 bar, the saturation temperature for water, aluminium bromide, 
and mercury аге 187°C, 482.5°C, and 560°C respectively. Mercury is thus a 
better Quid in the higher temperature range, because at high temperature, its 
vaporization pressure is relatively low. Its critical pressure and temperature аге 
1080 bar and 1460°C respectively. 

But in the low temperature range, mercury is unsuitable, because ils saturation 
pressure becomes exceedingly low and it would be impractical to maintain such a 
high vacuum in the condenser. At 30°C, the saturation pressure of mercury is only 
2.7 x 10? ста Hg. Its specific volume at such a low pressure is very large, and it 
would be difficult to accommodate such а large volume flow. 

For thts reason, mercury vapour leaving the mercury turbine is condensed at a 
higher temperaturc, and the heat released during tbe condensation of mercury is 
utilized in evaporating water to form sleam to operate on a conventional turbine. 

Thus іп the binary (or tyo-fluid) cycle, two cycles with different working 
fluids are coupled in series, the heat rejected by one being utilized in the other. 

The flow diagram of mercury-steam binary cycle and the corresponding 7- 
diagram are given in Figs 12.29 and 12.30 respectively. The mercury cycle, 
a-b-c-d, is а simple Rankine type of cycle using saturated vapour. Heat is 
supplicd to the mercury in process d-a. The mercury expands in a turbine 
(processa-b) and is then condensed in process 5с. The feed pump process, e-d, 
completes the cycle. 

The heat rejected by mercury during condensation is transferred to both water 
and form saturated vapour (process 5—6). The saturated vapour is heated froin the 
extemal source (furnace) in the superheater (process 6-1). Superheated steam 
expands іп the turbine (process 1—2) and is then condensed (process 2-3). The 
feed water (condensate) is then pumped (process 3-4), heated till it is saturated 
liquid in the economizer (process 4—5) before going to the mercury condenser- 
steam boiler, where the latent heat ts absorbed. In an actual plant the steam cycle 
is always a герелсгабуе cycle, but for the sake of simplicity, this complication 
has been omitted. 

Let m represent the flow rate of the mercury in the mercury cycle per kg of 
steam circulating in the steam cycle. Then for 1 kg of steam 
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Fig. 12.30 — Mercury-1ieam binary cycle 


О = m(h, — Ag) + (A, — Ag) + (Ag А) 
О, = hy – Ay 
Wy = (Я, — Ay) + (Qn – А) 
Wp = m(hy ~h.) + (hg Аз) 
"nus Q -Q WL-MW 
“= A 0 
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and steam rate = —-™ kg/k Wh 
Ат = Hp 
The energy balance of the mercury condenser-steam boiler gives 


m(h, — А.) = Ag — As 


= fe h 
т гуч kg Hg/kg H-0 
To vaporize опе kg of water, seven to eight kg of mercury must condense. 

The addition of the mercury cycle to the steam cycle results in a marked 
increase in the mean temperature of heat addition to the plant as a whole and 
consequently the efficiency is increased. The maximum pressure 18 relauvely low. 

It may be interesting to note that the concept of the binary vapour cycle evolved 
from the need of improving the efficieocy of the reciprocating steam engine. When 
steam expands up to, say, atmospheric temperature, the resultant volume flow 
rate of sieam becomes too large for the steam engine cylinder to accommodate. So 
most of the early steam engines are found to be non-condensing. The binary cycle 
with steam in the tugh temperature and ammonta or sulphur dioxide in the low 
temperature range, was first suggested by Professor Josse of Germany in the 
middle of the nineteenth ceritury. Steam exhausted from the engine at a relatively 
higher pressure and temperature was used to evaporate ammonia or sulphur 
dioxide which operated on another cycle. But with the progress in steam turbine 
design, such a cycle was found to be of not muck utility, since modem turbines 
can cope efficiently with a large volume flow of steam. 

The mereury-steam cycle has been in actual commercial use for more than 
three decades, One such plant is the Schiller Station in ihe USA. But it has never 
attained wide acceptance because there has always been the possibility of 
improving steam cycles by increasing pressure and temperature, and by using 
reheat and regeneration. Over the above, mercury 15 expensive, limiled in snpply, 
and highly toxic. 

The mercury-steam cycle represents the two-[luid cycies. The mercury cycle 15 
called the topping cycle and the steam cycie is called the bottoming cycle. Ifa 
sulphur dioxide cycle 15 added to it in the low temperature range, so that the heat 
released durimg the condensation of steam is utilized 1n forming sulphur dioxide 
vapour which expands 1n another turbine, then tne mercury-steam-suiphur dioxide 
cycle is a three-fluiu or tertiary cycle. Similarly, other liquid metals, арап From . 
mercury, like sodium or potassium, may be considered for a working fluid in the 
topping cycle. Арап from SO, other refrigerants (ammonia, freons, etc.) may be 
considered as working fluids for the bottoming cycle. 

Since the possibilities of improving steam cycles are diminishing, and the 
incentives to reduce fuel cost are very much increasing, coupled cycles, like the 
mercury-steam cycle, may receive more favourable consideration in the near 
future. 
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12.14 Thermodynamics of Coupled Cycles 


If wo cycles are coupled in series where heat lost by one is absorbed by the other 

(Fig. 12.31), as in the mercury-sieam binary cycle, let пу and n, be the 

efficiencies of the topping and bottom cycles respectively, and л be the overall 
efficiency of the combined cycle. 

т-1- 2 апа љ=1- & 

с, 0; 


Fig. 12.31 Tiro vapour cycler coupled in series 


or Q: = 0,0 — n) and Q4 = QE- л) 
Now п=1- & -, 20-1) 
Q 
_|_@й-пдй-) 
2 
-1-(-лрй-л) 


If there aren cycles coupled rn series, Ше overali efficiency would be given by 
at 
П-1- H (1-7) 
j= 


ie. n-1-(- 50 - n0 т)... (17 т) 
or l-n=(l-4,} Cl - 7) 01 — 4; )... И-П). 
` Total loss = Product of losses in all the cycles. 
For two cycles coupled in senes 
л=1-({(—-п,)(1-п,) 
=1-(1- m- 92+ 172) 
= Ш + 12 — Пт 
or = mht h- hh 
This shows that the overall efficiency of two cycles coupled in series equals 
the sum of the individual efficiencies minus their product, 
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By combining two cycles in series, even if individual efficiencies are low, it is 
possible to have a ау high combined efficiency, which cannot be attained by a 
single cycle. 

For example, if T = 0.50 and 7, = 0.40 
n-05-04-0.5x0.4-0.70 


It ts almost impossible to achieve such a high efficiency in a single cycle. 


12.15 Process Heat and By-Product Power 


There are several industries, such as paper mills, textile milis, chemical! factories, 
dying plants, rubber manufacturing plants, sugar factories, etg., where saturated 
steam at the desired teinperature is required for heating, drying, eic. For constant 
їеторегаішге heating (or drying}, steam 15 a very good medium, since isothermai 
condition cau be maintained by allowing saturated steam to condeuse at that 
temperature and utilizing the latent heat released for heating purposes. Арал from 
the process heal, the factory also needs power іс drive various machines, for 
lighting, and for other purposes. 

Formerly it was the practice to generate steam for power purposes at a 
moderate pressure and io generate sepamtely saturated steam for process work at 
a pressure which gave the desired heating temperature. Having bwo separate units 
for process heat and power is wasteful, for of the total heat supplied to the steam 
for power purposes, a greater part will normally be carried away by the cooling 
water in the condenser. 

By modifying the initial steam pressure and exhaust pressure, it is possible to 
generale the required power and make available for process work the required 
quantity of exhaust steam at the desired temperature. In Fig. 12.32, the exhaust 
steam from the rurbine is utilized for process heating, the process heater replacing 
the condenser of the ordinary Rankine cycle. The pressure at exhaust from ihe 


д) Ari + 


Fig. 12.32 Sack pressure turbine 
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Fig. 1233 Ну-тніші pomer сү 


turbine is the saturation pressure corresponding to the temperature desired in the 
process beater. Such a turbine is called а back pressure turbine. A plant produc- 
ing both power and process heat is sometimes known as a cogeneration plant, 
When the process steam is the basic need, aud the power is produced incidentally 
as а by-product, the cycle is sometimes called a by-product power cycle, 
Figure 12.33 shows the Z-s plot of anch à cycle. If Wy is the turbine опш in kW, 
Он the process heat required in kJ/h, and w is the steam flow rate in kg/h 


and why - Ву) = Qu 
һ,-һ 
or Qu = 1X 3800 x (& №) т, 


hj — № 
Of the tolal energy input О, (as heat) to the by-product cycle, т part of 
it only is converted into shafl work (or electricity). The remaining energy 
(Qj - Ру), which would otherwise have been a waste, as in the Rankine cycle (by 
ihe Second Law), is utilized as process heat. 
Fraction of energy (() utilized in the form of work (РТ), and process heat 
(Qu) in a by-product power cycle 


_ dl ^. 
Q, 


Condenser loss, which is the biggest Joss in a steam plant, is here zero, and the 
fraction of energy utilized is very high. 

іп many cases the power available from the back pressure turbine through 
which the whole ef the heating steam flows is appreciably less than that required 
in the factory. This may be due to relatively high back pressure, or small heating 
requirement, or bath. Pass-out turbines are employed in these cases, where a 
cenam quanuty of steam is continuously extracted for heating purposes at the 
desired temperature and pressure. (Figs 12.34 and 12.35}. 
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0, = мА, — hg) ЫЛ 
0, = (w — w (A; — Ay) kh 
Oy = w, (A, ~ Ag) kJ/h 
Wy = wih, h) + (м-н) 05-7 ЫЛ 
Wp = (w- wj) (is — А) + wilh - Ag) ЮЛ 
wi, t(w-w)M T wxh, | 
where w is the boiler capacity (kg/h) and w, is the steam flow rate required (kg/h) 
at the desired temperature for process heating. 


12.16 Efficiencies in Steam Power Plant 


For the steady flow operation of a turbine, neglecting changes in K.E. and Р.Е. 
(Figs 12.36 and 12.37). 


w (kg/h) 
1: | 
] WT E 
i ағ М Ж 
"a = 
wy(kg ih) H 
bw 


Process 
heater 


( en 


WA 


т) (ж-т) 


Б 
Fig. 12.34 — Puir-out turbine 


Maximum or ideal work өшіруі per unit mass of steam 
(Рах = (Fran = A- Ars 
- Reversible and adiabatic enthalpy drop in turbine 


This work is, however, not obtainable, since no real process is reversible. The 
expansion process is accompanied by irreversibilities. The actual final state 2 can 
be defined, since the temperature, pressure, and quality can be found by actual 
measurement. The actual path 1—2 is not known and its nature is immaterial, since 
the work ontput is here heing expressed in terms of the change of a property, 
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Fig. 12.35 Т-: diagram af power and process heat plant 


enthalpy. Accordingly, the work done by the turbine in irreversible adiabatic 
expansion from | to 2 is 


(Wr) =) -й; 


Steam ЕР К 
т 5 gh} ,4/— Blades ; 
то) 
1, - ^ , Bearings 


Steam exhaust 
Fig. 12.36 — Efficiencies in a steam turbine 


Fig. 12.37  Inirrnai efficiency of 2 steam turbine 


This work 15 known as interna! work, since only the irreversibilities within the 
[low passages of turbine are affecting the state of steam at the turbine exhaust. 


i, ia 
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г. Internal output = Ideal output — Friction and other losses within the 
turbine casing 


If w, is the steam flow rate in kg/h 
Internal output = w (4, — ЖЫЛ 
Ideal output = w, (4, — Az) БІЛ 
The internal efficiency of turbine is defined as 
_ Internal output _ Я — A, 
Timema! Ideal output я — AR, 
Work output available at the shaft is less than the internal output because of 
the extemal losses in the bearings, etc. 
2. Brake output or shaft output 
= Internal output - External losses 
= [deal output — [nternal and External losses 
= (kW x 3600 КІЛ!) 
The brake efficiency of turbine is defined as 
Brake output 
‘Tdeal output. 
_ kW x 3600 
"АЯ 7 ha) 
The mechanical efficiency of turbine 15 defined as 
. Brake output 
Internal output 
kW x 3600 
wih — A) 
Morake — “internal * Hech 
While ihe internal efficiency takes іліп consideration the internal losses, and 
the mechanical efficiency considers only the extemai losses, the brake effictency 
lakes into account both the internal aud external losses (with respect to turbine 
casing}. 
The generator (or alternator) efficiency is delined as 
_ Output at gencrator terminals 
|. Brake output of turbine 
The efficiency of the boiler is defined as 
Energy utilized _ №, ~ Ay) 
Energy supplied E wy XC, 


Morake 


Птесь 


T genero 


— 


Пъолег = 


where wpis the fuel burning rate in the boiler (kg/h) and C.Y. is the calonfic value 
of the fuel (kJ/kg), i.e., the heat energy released by the complete combustion of 
unit mass of fuel. 
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Fig. Ех. 12.1 Gompreson of steam isentropicaily 


From stearn tables, 
hy = te) thar = 2675,5 kJ/ky 
$17 SAT. = 7.3594 kl/kg K = B4 
For р = 10 bar = 1 MPa and х = 7,3594 kJ/kg K, by interpolation 
з = 3195.5 J/kg 
We = 2675.5 — 3195.5 = ~ 520 kJ/kg 
it zs thus observed that compressing steam in vapour form would require over 
500 times more work than compressing it in liquid form for the same pressure 
rise, 
Example 12.2 Steam at 20 bar, 360°C is expanded in a steam turbine to 0.08 
bar. it then enters a condenser, where it is condensed to saturated liquid water. 
The pump feeds back the water imo the boiler. (a) Assuming ideal processes, find 
per kg of steam the net work and the cycle efficiency, (b) If the turbine and the 
pump have each 8(* efficiency, find the percentage reduction in the net work and 
cycle efficiency. 


Solution Тһе property values at different state points (Fig. Ex. 12.2) found from 
the steam tables are given below. 
h,73159.3 ККЕ з = 6.9917 kJ/kg K 
hic hg, = 173.88 kJ/kg 5; = 5, = 0.5926 kJ/kg K 
Ate, = 2403.1 kJ/kg 5. = 8.2287 kJ/kg К 
Vg, = 0.001008 пор -^ Sfm = 7.6361 kJ/kg К 
Now a) = $2, = 6.9917 = Sim + I Steps = 0,5926 + Xy 7.6361 
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Fig. Ex. 12.2 


х,, = 99991 _ 0.838 
% 76361 _ 


= 2187.68 kJ/kg 
3 
(а) # = ha — Ву = у, (ру — Pa) = 0.001008-Ш— x 19.92 x 100-9 
= 2.008 kJ/kg 
ha, = 175.89 kJ/kg 
Wy = hy – №, 
= 3159.3 — 2187.68 = 971.62 kJ/kg | 
W e = Wt - WF. - 969.6] kJ/kg 
Q, =h, - hu, = 3159.3 — 175.89 Ans. 
: = 2983.41 kI/kg 
Лоо = 6. = 26261 = 0.325, or 32.5% 
Q 2983.4) 
(b) If Пр = 80%, and пт = 80% Апа. 
p, = 2008 — 751 kg 
0.8 


Я т = 0.8 х 971.62 = 777.3 ИЕ 


Wu ш "Т -= Fp = 774.3 kJ/kg 
7, % Reduction in work output 
= 36961 7745 | 00 = 20.1% dns. 
969.61 
Ay. = 173.88 + 2.51 = 176.39 kJ/kg 
2, = 3159.3 – 176.39 = 2982.91 КІЛ 
774,8 


Merele = 


= 0.2597, or 25.97% 
2908291 7 27597, or 29.97% 
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^. % Reduction in cycle efficiency 


_ 0.325 - 0.2597 


x 100 = 20.1% Ans. 
0.325 


Example 12.3 А cyclic steam power plant is to be designed for a steam 
temperature at turbine inlet of 360°C and an exhaust pressure of 0.03 bar. After 
isentropic expansion of steam in the turbine, the moisture content at the turbine 
exhaust is not to exceed 15%. Determine the greatest allowable steam pressure at 
the turbine inlet, and calculate the Rankme cycle efficiency for these steam 
conditions. Estimate also the mean temperature of heat addition. 


Solution Ав state 25 (Fig. Ех. 12,3), the quality and pressure are known. 


-- т 


Fig. Ex. 12-3 


Say = Sr + Xp, 55 = 0.5926 + 0.85 (8.2287 - 0.5926) 
= 7.0833 КИКЕ K 
Since 51 = 55 
5, = 7.0833 KJ/kg К 
At state 1, the temperature and entropy are thus known. At 360°C, s, = 5.0526 
Кер К, which ts less than s,. 5o from the table of superheated steam, at 
t, = 360°C and s, = 7.0833 kJ/kg К. the pressure is found to be 16.832 bar (by 
interpolation). 
* The greatest allowable steam pressure is 
ру = 16.832 bar Ans, 
А, = 3165.54 КИЕВ 
Aa, = 173.88 + 0.85 x 2403.1 = 2216.52 ЮЕ 
Айу = 173.88 kJ/kg 
ky, — 4, = 0.001 x (16,83 —0.08) x 100 = 1,675 ШКЕ 
АА Ay, = 175.56 kJ/kg 
О, =, А, = 3165.54 — 175.56 
= 2990 kI/kg 
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Wy = hy — hy, = 3165.54 - 2216.52 = 949 kJ/kg 
№, = 1.675 ЮЛ 


no ee _ 247,32 
c^ (Q0 2990 
Mean temperature of heat addition 


_ Мож | 2990 — 
| я-з. 7.0833 – 0.5926 
= 460.66 К = 187.51°С. 


Example 12.4 А steam power station uses the following cycle: 

Steam at boiler outlet— 150 bar, 550°C 

Reheat at 40 bar to 550°C 

Condenser at 0,1 bar. 

Using the Mollier chart and assuming ideal processes, find the (a) quality at 
turbine exhaust, (b) cycle efficiency, and (c) steam mite. 


Solution The property values at different states (Fig. Ex. 12.4) are read from 
the Mollier chart. 


= 0.3168 or 31.68% Ans. 


Tn 


Fig. Ex. 12.4 


h, = 3465, fy, = 3065, Ay = 3565, 
hy, = 2300 kJ/kg ry, = 0.88, A (steam table) = 191.83 kJ/kg 
Quality at turbine exhaust = 0.88 Ans. (а) 
Wp = 0 Ap= 107 х 150 х 107 = 15 Ла 
hs, = 206.83 kJ/kg 
О, = (Ay — Вы) + 0-59 
= (3465 — 206.83) + (3565 — 3065) = 3758.17 kJ/kg 
Wy = (hy — Aa.) + (hs — А) 
= (3465 — 3065) + (3565 - 2300) = 1665 kJ/kg 
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^ W „= Wy- Wp 1665- 15 = 1650 kJ/kg 
^ лыгы = it = — 1850 __ = 0.4390, or 43.9% Ans. (b) 
ode 0 375817 
Steam rate — 92 = 2.18 kg/kW h Ans. (с) 


Example 12,5 lnasingle-heater regenerative cycle the steam enters the turbine 
at 30 bar, 400°C and the exhaust pressure 15 0.10 bar. The feedwater heater is a 
direct-contact type which operates at 5 bar. Find (a) the efficiency and the steam 
tate of the cycle and (b) the iocrease in mean temperature of heat addition, 
efficiency and steam rate, as compared to the Rankine cycle (without regen- 
eration}, Neglect pump work. 

Solution Figure Ex. 12.5 gives the flow, 7—s, and 8-з diagrams. From the steam 
tables, the property values at various states have been obtained. 


h, = 3230.9 kJ/kg 


34) bar 40070 


ls 
| 4 (1-ашю 3 


— 5 


ib іс) 
Fig. Ex. 12.5 
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si = 6,9212 kVkg K = 5; = 5, 
S, at 5 bar = 6.8213 kJ/kg К 


Since 5; > sp the state 2 must lie in the superheated region. From the table for 
superheated steam г, = 172°C, A, = 2796 ЕНЕД 


53 = 6,9212 = 555 phar + Хау 5160.15 


= 0.6493 + х,7,5009 
] x, = $2719 . 0.836 
7.5009 


2. A, = 191.83 + 0.836 x 2392.8 = 2192.2 Юа 
Since pump wark is neglected 
Ay = 191.83 КИН = A, 
hs = 640.23 kI/kg = 5. 
Energy balance for the heater gives 
тй — Ag) = (1 — m) (Ag — В) 
m(2796 — 640.23) = (1 - m) (640.23 - 191.83) 
2155.77 m = 548.4 — 548.4 m 


548.4 
570417 $703 ke 
Hy = (A, А) + (1-21) (AQ – Аз) 
= (3230.9 - 2796) + 0.797 (2796 - 2192.2) 
= 916.13 kJ/kg 
О, = hy - В, = 3230.9 — 640,23 = 2590.67 kJ/kg 
onte = M = 0.3536, or 35.36% Ans. (в) 
3600 


Stesm rate = = 3.93 kg/kW h Ans. (а 
METTE gk п» (а) 


rp =ñ _ 2506 _ 
4-5) 6.9212 – 1.8607 
= 238.8°С 


Ты (without regeneration) = h^ 
E 3039.07 
6.9212 - 0.6493 
= 484.55 К 


=211.4°C 
Increase in 7,,, due to regeneration = 238.8 – 211.4 = 27.4°C Ans. (b) 


EI 


= 511.95 K 
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W^ (without regeneration) = A, — Ay 
= 3230.9 – 2192.2 = 1038.7 kJ/kg 


Steam rate (without regeneration} = 3600 
[038.7 


г. Increase in steam rate due to regeneration 
= 3.93 – 3.46 = 0.47 kg/kW h дп. (b) 
h-h _, 1038.7 
h-h, 3039.07 
= 0.3418 or 34.18% 
г. Increase in cycle efficiency due to regeneration 
= 35.36 — 34.18 = 1.18% Ans. (с) 


= 3.46 kg/kW h í 


Tc yas (Without regeneration) = 


Example 12.6 In a steam power plant the condition of steam at inlet to the 
steam turbine is 20 bar and 300°C and the condenser pressure is 0.1 bar. Two 
feedwater heaters operate at optimum temperatures. Determine: (а) the qualtty of 
steam at turbine exhaust, (b) net work per kg of steam, (c) cycle efficiency, and 
(d) the steam rate. Neglect pimp work. 
Solution From Fig. 12.19 (a), 
h, =3023.5 kJ/kg 
$1 = 6.7664 kJ/kg K = 5. =5,= 5, 
£a; at 20 bar = 212°C 
fea at 0.1 Dar = 46°C 


zat 


Alo, = 212 — 46 = 166°C 


^. Temperature rise per heater = 156 = 55°С 


2. Temperature at which the first heater operates 
= 212 — 55 = 157°C = 150°C (assumed) 
Temperature at which the second heater operates = 157-55 = 102°C = 100°C 


(assumed) 
At 0.1 bar, 
й,= 191.83, hg = 2392.8, s, = 0.6493 
5, = 8.1502 
At 100°C, 
he = 419.04, Ар, = 2257.0, з= 1.3069, s, = 7.3549 
At 150°C, 


hr = 632.20, Ay = 2114.3, s; = 1.8418, s, = 6.8379 
6.7664 = 1.8418 + x, x 4.9961 
да 0,986 
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C, = 110 MW inpul 


E MEL ru 


{0.1%) 


Q4 = 65.5 MW (59.5%) 
(b) 


- 1.8 MW Flua gas 
— exergy (2.5%) 


P aS -u 


2.8 MW (3.8%) 
(с) 


Fig. Ex. 12.7 (a) T-s diagram, (b) Energy distribution diagram, 
(c) Exerpy distribution diagram 
Solution 
Qi = we, Ci - T9 = 100 MW 
wW, = mass s flow rate of hot gas 
222 100 x 10 
1.1 x (2000 - 450) 
Exergy flow rate of inlet gas 


= 58.7 kg/s 


T f, 
ар ы" a | -1-в 1. 
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= 58.7 x 1.1 x 300 | 2000 - 1 - in 200 | 
300 300 
=73 MW 


Exergy flow rate of exhaust gas stream 


450 450 
= 58.7 x 1.1 x 300 [49 -1-1 59| - 1.83 MW 
^f 300 300 


The exergy loss rate is only about == x 100 | or 2.5% of the initial exergy 
ofthe source gas. 
The rete of exergy decrease of the gas stream, 


a; = Exergy input rate = 73 — 1.83 = 71.17 = 71.2 MW 


The rate of exergy increase of steam = Exergy utilization rate 
ag, 7 №, [Ay — Ay — Тузу ~ 54)] 
Now, hi = (hag bar * 280] Юр, Ay = 169 kJ/kg 
$4 = 54 7 0.576 ki/keK, А, = 172.8 kJ/kg 
5, = зу = 6.068 kYVkgK, A, = 1890.2 kJ/kg 
Вт =f, — Az = 2801 — 1890.2 = 910.8 ЕМКЕ 
We = А, В, = 172.8 - 169 = 3.8 kJ/kg 
Q, = h А, = 2801 – 172.8 = 2628 КІЛ 
2, = 4, — В, = 1890.2 – 169 = 1721 kJ/kg 
Мал Pr- Рр Оу -@, = 907 КИК 
Q, =w, X 2628 = 100 x 107 kW 
м. = 38 kp/s 
а, = 38 [2801 - 172.8 – 300 (6.068 - 0,576)) 
= 37,3 MW 
Rate of exergy destruction in the steam generator 
= Rate of exergy decrease of gases — Rate of exergy increase 
of steam. 
Í = a, -ag = 71.2 - 37.3 = 33.9 MW 
Rate of useful mechanical power output 


W net = 38 х 907 = 34.5 MW 
Exergy flow rate of wet steam lo the condenser 
а, = w,[h; As — Tos; — 54)] 
= 38 [1890 — 169 - 300 (6.068 — 0.576)] = 2.8 MW 
This is the exergy loss lo the surroundings. 
The energy and exergy balances are shown in Fig. Ex. 12.7 (b) and (c). The 
second law efficiency is given by 


пп == energy ouput _ 345 дуз or 47.3% Ans. 
Exergy input 73 
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Example 12.8 inasteam power plant, the condition of steam at turbine inlet is 
80 bar, 500°C and the condenser pressure is 0.1 bar. The heat source comprises a 
stream of exhaust gases froma gas turbine discharging at 560°C and i atm pressnre. 
The minimum temperature allowed for the exhaust gas sweam is 450 К. The mass 
(low rate of the hot pases is such that the heat inpnt mte Lo the steam cycle is 100 
MW. The ambient condition is given by 300K and 1 atm. Determine Лү, work ratio 
and Чи of the following cycles: (a) basic Rankine cycic, without superhent, 
(b) Rankine cycle with superheat, (c) Rankine cycle with reheat such that steam 
expands in the h.p. turbine until it exits as dry saturated vapour, (d) ideal 
regenerative cycie, with the exit temperature of the exhaust gas stream taken as 
320°C, because the saturation temperature of steam at 80 bar ts close to 300°C. 


Solution For the first law analysis of cach cycle, knowledge of the Я values at 
each of Lhe states indicated in Fig. Ех. 12.8 is required. 
(а) Basic Ronkine срсіе (Fig. 12.8a): 
By usual procedure with the help of steam tables, 
Я, = 2758, A, = 1817, Ay = 192 and A, = 200 kJ/kg 
Wey ЕЯ, -A= 941 kJ/kg, И = h -h = 8 kJ/kg 
О, =F, -h = 2558 kJ/kg, Fie = 933 КУК 


Ans. 
+ 7,7 B33K 


Fig. Ex. 12.8 
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Power output = т 2, = 0.365 x 100 = 36.5 MW 


Exergy input rate = Ws Cp а -n)-TyWn i 
0 


= 100 x 1000 (6зз - 300) ~ 300 in 33 
833 - 450 300 


= 59.3 MW 
Th = 392 = 0.616 ог 61.6% Ans. 
(b) Rankine cycle with superheat (Fig. 12.8Ь): 
h, = 3398, A, = 2130, A, = 192 and &, = 200 kJ/kg 
Fr = 1268 kl/kg, Wp = B kI/kg, О, = 3198 kJ/kg 


m = 2260 = 0.394 or 39.4% Ans. 
3198 
Work ratio = 1290. = 0,994 Ans. 
1268 
-~ Exergy input rate = 59.3 MW, fF, = 0, x mn = 39.4 MW 
Пу = 36.5 „ 0,664 ог 66,4% Ans. 
59.3 


Improvements in both first law and second law efficiencies are achieved with 
superheating. The specific work output is also increased. Therefore, conventional 
vapour power plants are almost always operated with some superheat. 

(c) Rankine cycle with reheat (Fig. 12.86}: 

h, = 3398, k, = 2761, №; = 3482, А, = 2522, k, = 192 and A, = 200 kJ/kg 
Я’ = 637 kI/kg, #7, = 960 kI/kg 
Wt = 637 + 960 = 1597 kI/kg, ъ= 8 kI/kg 
Ре, = 1589 НКЕ, О = 3198 + 721 = 3919 kJ/kg 


п = 128? = 0.405 ог 40.5% Ans. 
3919 
Work ratio = ле = 1589 _ 9 995 Ans. 
ЖІ 1597 


Mechanical power output = 100 x 0.405 = 40.5 MW 
Exergy input rate = 59.3 MW 


Th = E = 0.683 or 68.3% Ans. 


Compared with basic Rankioe cycle, the second law efficiency for the reheal 
cycle shows an increase of about 11% [(0.683 — 0,616)/0.616]. Therefore, most 
of the large conventional steam power plants in use today operate on the Rankine 


cycle with reheat. 
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(d) Rankine cycle with complete regeneration (Fig. 12.88) 
ыра! 0.1 bar = 45,8°С = 318.8 К and 
fa at 80 Баг = 295°C = 568 K 


318.8 
-1-— =l- ааа 0439 ot, 43.9% AAS, 
Ni = "cun 7 т 568.0 А AS 
QT - № 2758-1316 vanae 
net 7^ Q4X = 1442 x 0.439 = 633 КІЛ 


ИНИ = 641 kJ/kg 


| 633 
Work ratio = —— = 0,988 ARS, 
ork ratio "T ns 
Power output = 0,439 x 100 = 43.9 MW 
. 100 x 1000 | 833 =a 
Exergy input rate = ——————| (833 — 300) — 300 In ——— 
тыу апр 833 — 593 1 ) 300 
= 94.583 MW = 94.6 MW 
"E A = 0.464 or 46.4% Ans. 


The second law efficiency is lower for regeneration because of the more 
substantial loss of exergy carried by the effluent gay stream at 593 К. 


Example 12.9 А ceriain chemical piant requires heat from process steam at 
120°C at the rate of 5.83 МІ/5 and power at the rate of 1000 kW from the 
generator terminals. Both the heat and power requiremenis are met by a back 
pressure turbine of 80% brake and 8576 internal efficiency, which exhausts steam 
at [20°C dry saturated. All the latent heat released during condensation is utilized 
in the process heater, Find the pressure and temperature of steam at the inlet to the 
turbine. Assume 90% efficiency for the generator. 


Solution At 120°C, hy, = 2202.6 kJ/kg = А, – Ay (Fig. Ex. 12.9) 


Fig. Ex. 12.9 


Oy = w, (Я, — Ay) = 5.83 МІ 
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„=_5830 
* 2202.6 


ж PU kJ/s = Brake output 


- 2.647 kg/s 


Now p, = Воже output _ (1000)/0.9 
brake Ideal output ж, (A, — AL, ) 
1000 


А, = —— 10 = 524,7 ЮЖ 
1772 0.9 x08 x 2.647 E 


= 0.50 


Again T arca! АА, 
hy — Ay = 0.85 х 524.7 = 446 kI/kg 
h; = h, at 120°C = 2706.3 kJ/kg 
А, = 3152,3 kJ/kg 
As, = йу — 524.7 = 2627.6 kJ/kg 
= hit ху, Ar, 
= 503.71 + x4, x 2202.6 
2123.89 
Xa = 22036 094 
ы T Spt X4, 5g 7 1.5276 + 0.964 x 5.6020 
= 6.928 kJ/kg K 
At slate |, A, = 3152.3 kJ/kg 
$) = 6.926 kJ/kg K 
From the Mollier chart 7 
p; 7 22.5 bar 
1, = 460°C ARS. 


Example 12.10 А certain factory has an average electrical load of 1500 kW 
and requires 3,5 MI/s for heating purpose. It is proposed to install a single- 
extraction passout steam turbine to operate under the following conditons: 

Initial pressure 15 bar. 

inital temperature 300°C. 

Condenser pressure 0.1 bar. 

Stcam is extracted between the two turbines sections at 3 bar, 0.96 dry, and is 
isobarically cooled without subcooling in heaters to supply the heating load. The 
internal efficiency of the turbine (in the Г.Р. Section) is 0.80 and the efficiency of 
the boiler 15 0.85 when using oil of caloriic value 44 MFkg. 

if 10% of boiler steam is used for auxiliaries calculate the oil consumption per 
day. Assume that the condensate from the heaters (at 3 bar) and that from the 
condenser (at 0.1 bar) mix freely in a separate vessel (hot well) before being 
pumped to the boiler. Neglect extraneous losses. 
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Solution Let w, be the flow rate of steam (kg/h) entering the turbine, and w the 
amount of steam extracted per hour for process heat (Fig. Ex. 12.10). 


hy = 3037.3 КИКе 
h, = 561.47 + 0.96 x 2163.8 
_ = 2638.7 kJ/kg . 
s, = 1.6718 + 0.96 x 5.3201 
= 6,7791 kJ/kg К 
= $3, 
53, = 6.7791 = 0.6493 + x,, x 7.5009 
а 6.1298 
* 1.5009 
W, kgih 
15 bar 300°C 


= 0.817 


Boter 


Ртосвав 
iw, heater 


(b) 
Fig. Ex. 12.10 
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hy, = 191.83 + 0.817 x 2392.8 = 2146.75 kJ/kg 
hy ~ hy, = 2638.7 – 2146.75 = 491.95 kJ/kg 
hy — h; =0.8 x 491.95 = 393,56 kJ/kg 
А; = 2638.7 — 393.56 = 2245.14 kJ/kg 
h; = 561.47 kJ/kg, А, = 191.83 kJ/kg 
Он = А, - Ву} = (2638 - 561.47) = 3.5 M/s 


3800. қ 
= 207123 = 1.685 kg/s 
Now 
We = willy — Ag) + (м, - w) (h; — А) 
= w (3037.3 — 2638.7) + (w, — 1.685) x 393.56 
= w, Xx 398,6 + w, x 393.56 — 663.15 
= 792.16 м, — 663.15 
Meglecting pump work 
Ит = 1500 kJ/s = 792.16 w, — 663.15 
w= es 2 = 2.73 kg/s = 9828 kg/h 


By making energy balance for the hot well 
(w, — wih, + wh, = №, hg 
(2.73 — 1.685)191.83 + 1.685 x 561.47 = 2.73 x Ay 
200.46 + 946.08 = 2.73 A, 
Я; = 419.98 kJ/kg = A> 
Steam raising capacity of the boiler = 1.1 w, kg/h, since 10% of boiler steam is 
used for auxiliaries. 
_ Llw, (4, - A+} 
we x CY. 
where w= fuel burning rate {kg/h} 
and С.М, = calorifice value of fuel = 44 MJ/kg 


_ 14 Xx 9828 x (30373 - 419.98) 


Пьет 


0.85 
Wr Хх 44000 
or w= 1.1 x 9828 x 2617.32 _ ace 56 kg/h 
0.85 x 44000 
= 126.36 x 24 _ 18 16 tonnes/day Ans. 
1000 


Example 12.11 А sleam turbine gets its supply of steam at 70 bar and 440°C. 
Aller expanding to 25 bar in high pressure stages, it is reheated to 420°C at the 
constant pressure. Next, it is expanded in intermediate pressure stages ta an 
appropriate minimum pressure such that part of the steam bled at this pressure 
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heats the feedwater to a temperature of 180°C. The remaining steam expands 
from this pressure to a condenser pressure of 0.07 bar in the low pressure stage. 
The isentropic efficiency of the h.p. stage is 78.5%, while that of the intermediate 
and l.p. stages 15 83% each. From the above data (a) determine the minimum 
pressure at which bleeding is necessary, and sketch a line diagram of the 
arrangement of the plant, (b) sketch on the 7—4 diagram all the processes, 
(c) determine the quantity of steam bled per kg of flow at the turbine inlet, and 
(d) calculate the cycle efficiency. Neglect pump work. 


Solution Figure Ex. 12.11 gives the flow and 7—s diagrams of the plant. It would 
be assumed that the feedwater heater is an open heater. Feedwater 1s heated to 
180°C. So p,,, at 180°C = 10 bar is the pressure at which the heater operates. 


1%) 
же 
70 Баг, 450°С y 


= D Turbine Turbine — Generator 


i 


% — | - 1 1 4 |= 
| 5 
„— | (а ту ка 0.07 bar | 
25 bar, 420°C 4 T mkg “-.- 
ғ 10 bar = 
Ңаршайыг = = 8 
i (1- т) kg Т 
FW hastar di (1 - т) kg] Condenser 
"OB TO 
Ма) | 
UM 
Pump-2 Pump-1 
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Therefore, the pressure at which bleeding is hecessary 1$ 10 bar. Ans. (a). 
From the Mollier chart 
A, = 3285, Ay, = 3010, А, = 3280, Ay, = 3030 kJ/kg 
— A, = 0.83 (A, — Az) = 0.83 x 250 = 207.5 kJ/kg 
A, = 3280 — 207.5 = 3072.5 kJ/kg 
hs, = 2225 kJ/kg 
A, — te = 0.83(h, -А.) = 0.83 x В47.5 = 703.4 KT/kg 
hs = 3072.5 — 703.4 = 2369.1 kJ/kg 
= 162.7 kikg 
Ag = 762.81 Ир 
h, — A, = 0.785 (А-А) = 0.785 x 275 = 215.9 kJ/kg 
A, = 3285 - 215.9 = 3069.1 ИТЕ 
Energy balance for the heater gives 
"mxh,tíl-m)if,21x, 
mx 3072.5 + (1 — m) x 162.7 = 1 x 762.81 


m= ot = 0.206 Кер steam flow at turbine inlet. Ans. (с) 


т 


п _ Oy 7&5) + Ay - Ag) + (L7 m, — Ag) c 
=e (и - Fy) + (Ay – Б) 
_ 215.9 + 207.5 + 0.794 x 703.4 
25222 4210.9 


. 9819 o 

27331 0,3592 or 35.92% an (d) 
Example 12.12 A binary-vapour cycle operates on mercury and steam. 
Saturated mercury vapour at 4.5 bar is supplied to the mercury turbine, from 
which it exhausts ні 0.04 bar. The mercury condenser generates saturated steam 
at 15 bar which is expanded in a steam turbine to 0.04 bar, (a) Find the overall 
efficiency of the cycle. (b) If 50,000 kg/h of steam flows through the steam 
turbine, what is the flow through the mercury turbine? іс) Assuming that all 
processes are reversible, what is the useful work done in the binary vapour cycle 
for the specified steam flow? (d) If the steam leaviug the mercury condenser is 
superhealed to a temperature of 300°C in a superheater located in the mercury 
boiler, and if the intemal efficiencies of the mercury and steam turbines are 0.85 
and 0.87 respectively, calculate the overall efficiency of the cycic. The properties 
of saturated mercury are given below 


р (bar) = tfc) hy he Sr 5; D, А 
(kJ/kg) (kJ/kg К) (m^ kg) 

4.5 450 62.93 355.98 0.1352 0.5397 79.9 x10% 0.068 

0.04 216.9 29.98 329.85 0.0808 0.6925 76.5 х 10 ? 5.178 
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Solution The cycle is shown in Fig. Ex. 12.12. 
For the mercury cycle, h, = 355.98 kJ/kg 


з, = 0.5397 kJ/kg К = 5, = 5, + Ip Sig 
= 0.0808 + x, (0.6925 — 0.0808) 


= 0.75 


hy, = 29.98 + 0,75 x 299.87 = 254.88 kJ/kg 
(Wi), = hy — hy = 355.98 — 254.88 = 101.1 Юр 
(Wp), = hg- 5,7 76.5 х 10° x 446 x 100 = 3.41 x 107 ИКЕ 
Wa = 101.1 kJ/kg 
Оу =k, —Ag = 355.98 — 29.98 = 326 kJ/kg 
Жы. 1011 
Q 326 


Пу = = 0.31 or 31% 


Fig. Ex. 12.12 


For the steam cycle | 
h, = 2792.2 kJ/kg 
5; = 6.4448 ИК = s, = 1p t x 353 
= 0,4226 + x,(8.4746 — 0.4226) 
_ 6.0222 
2 8.0520 
hy = 121.46 + 0.748 x 2432.9 = 1941.27 kJ/kg 
(Ж), = hy — Ay = 2792.2 - 1941,27 
= 850.93 kJ/kg 
(РР) = А й, = 0.001 x 14.96 x 100 = 1.496 kJ/kg = 1.5 kJ/kg 
ha = 121.46 + 1.5 = 122.96 kJ/kg 


= 0.748 
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О, =h, — №, = 27922 – 122.96 = 2669.24 kJ/kg 
(Wada = 850.93 — 1.5 = 849.43 kJ/kg 


Overall efficiency of the binary cycle would be 
Помега ^ Io * 51 Па" 
-0.31 + 0[318— 0.31 x 0.318 
= 0.5294 or 52,94% Ans. (а) 
Пуна Сап also be determined in the following way: 
By writing the energy balance for a mercury condenser-steam boiler 
mih, А) = Ци — ha) 
where m is the amount of mercury circulating for | kg of steam in Lhe bottom 
cycle. 


т МА 266024 _ 2669.24 | gay, 
h h, 25488-2988 224.90 


(Ош = m, — ha) = 11.87 x 326 = 3869.6 KJ/kg 
CF Dea = СА, — A) + (Я, - А) 
= 11.87 x 101.1 + 850.93 = 2051 kJ/kg 


(руин may be neglected 


Wa 2051 
2, = E = —— = 90.53 or 53% 
Te ~~ 3869.6 
if 50,000 kg/h of steam flows through the steam turbine, the flow rate of 


mercury w, would be 


мл = 50,000 x 11.87 = 59.35 x 10* kg/h Ans. (b) 
(Wo) = 2051 x 50,000 = 10255 x 10* КИН 
= 0.2849 x 10? kW = 28.49 MW Ans. (c) 


Considering іле efficiencies of turbines 
(WA), = Я, — A, = 0.85 x 101.1 = 85.94 kJ/kg 
A’, = 355.98 — 85.94 = 270.04 kJ/kg 
т К) = (hy А) 
,_ 2609.24 
_ 240.06 
(Quai = т’, — Aa) + 1084 — Ay) 
= 11.12 x 326 + (3037.5 - 2792.2) 
= 3870.22 kJ/kg 
Гүл 6.9160 = 0.4226 + х’.(8.4746 — 0.4226) 


Ё = 5.4934 = 1,806 
8.0520 


= 11.12 kg 
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A’, = 121,46 + 0.806 x 2432.9 = 2082.38 kJ/kg 
(Ра = А, - Ay = 0.87(3037.3 - 2082.38) 
= 830.78 kI/kg 
(Fiha = 11.12 х 85.94 + 830,78 
. = | 786.43 kl/kg 


Pump work is negiccted. 
1786.43 
= 0.462 ar 46.2% Ans. (d 
Поза! 7397022 T ns 44) 


REVIEW QUESTIONS 


12.1 
12.2 


12.3 
12.4 
12.5 
12.4 


12.7 
12.8 
12.9 


12.10 
12.11 


12.12 


12.13 


12.14 
12.15 
12.15 
12.17 
12.18 
12.19 
12.20 


12.23 
12.22 
12,23 


What are the four basic components of а steam power plant? 

What із the reversible cycle that represents the simple steam power plant? Draw 
the flow, p-v, T-s and k-s diagrams of this cycle. 

What do you understand by steam rate and heat rate? What are their units" 
Why is Carnot cycle mot practicable for a steam power plant? 

What de you understand by the mean temperature of heat addition? 

For а given Ta, show how the Rankine cycle efficiency depends on the mean 
temperature of heat addition. 

What is metallurgical limit? 

Explain how the quality at turbine exhaust gets restricted. 

How ae the maximum temperature and maximum pressure in the Rankine cycle 
fixed? 

When is reheating of steam recommended іп а sleam power plant? How does the 
reheat pressure get oplimized? 

What is the effect of reheat ол (a) the specific output (hb) the cycle оспо, іс) 
steam rate, and (d) heat rate, of a steam power plant? 

Give the flow and 7-s diagrams of the ideal regenerative cycle, Why 15 the 
eificieney of this cycle equal to Carnot e[Ticiency? Why is this cycle not 
practicable? 

What is the eflect of regeneration on the (a) specific output, (b) mean temperature 
of heat addition, іс) cycle e[Tlciency, (d) steam rate and (е) heal rate of a steam 
power plam? 

How does the regeneration of steam camolize the Rankine cycle? 

What are open and closed heaters? Mention their merits and demerits, 

Why 23 one open feedwater heater used іп a sizam plant? What is tt called? 
How are the number of heaters and the degree of regeneration get optimized? 
Draw the 7-5 diagram of 35 Шел working fluid in à vapour power cycle. 
Discuss the desirable charactenstics of a working [uid in a vapour power cycle. 
Mention a few working fluids suitable іп the high temperature range of a vapour 
power cycle. 

What is а binary vapour cycle? 

What are tapping and bottoming cycles? 

Show that the overali efficiency of two cycles coupled in series equals the sum of 
the individual efficiencies minus their product. 
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12,24 


12,25 
12.26 
12.27 
12.28 


12.29 


What is à cogeneration plant? What are the thermeadynamic advantages of such a 
plant? 

What is à back pressure turbine? What are its applications? 

What is the biggest loss in à steam plant? How can this loss be reduced? 

What is а pass-oul rurbine? When is И used? 

Define the followmg: (a) intemal work, (b) intemal efficiency, (c) brake 
e[Ticiency (d) mechanical eiTiciency, and (е) boiler efficiency. 

Express the overall efficiency of а steam plant as the product of boiler, turbine, 
generator and cycle e[ficiencies. 


PROBLEMS 


12.1 


12.2 


For the following sieam cycles, find (a) Wy in Ке (b) Wp in kJ/kg, (c) Q1 in 
Құр, (d) cycle eiTiciency, (с) steam mie in kg/EW h, aod (f) moisture at the end 
of the turbine process, Show the resalts in tabular form with your comments. 


Hoilder outlet Condenser Type of Cycle 
Pressure 
10 bar, saturated | bar Ideal Rankine Cycle 
-do- -іс- Neglect B, 
-do- -üo- Assume 75% pump and turbine 
e[Beiency 
-do- 0.1 bar Ideal Rankine Cycle 
10 bar, 300°C -4- -бо 
[50 Баг, 600°С -do- -do- 
-do- -do- Reheat to 600^ C. at maximum 


intermediate pressure to limit 
end moisture to 13% 


-do- -de- ~do- but with 85% turbine 
e[Bicieney 

[0 bar, saturated 0.1 bar lsentropic pump process ends 
on saturated liquid line 

-do- -4с- -do- but with 80% machine 
efficiencies 

-do- k- Ideal regenerative cycle 

-do- =d- Single open heater at 110°C 

-do- -do- Two open heaters at 90°C and 
135°C 

-do- -ф0- -do- bnt іле heaters аге 
closed heaters 


A geothermal power plant utilizes steam produced by natural means 
underground. Steam wells are drilled to тар this steam supply which is available 
at 4,5 Баг and 175°C, The steam leaves the rurbine at 100 mm Hg absolute 
pressure. The turhine isentropic efficiency is 0.75. Calculate the e[Ttciency of the 
plant, If the unit produces (2.5 MW, what is the steam flow rate? 


12.3 


12,6 


12.7 


12,8 


12.9 


Vapour Pomer Cycles = 815 


A simple steam power cycle uses solar energy for the heat input. Water in the 
Cycie enters the pump as a saturated Нала at 40°C, and is pumped io 2 bar. it 
then evaporates in the boiler at this pressure, and enters Фе turbine as saturated 
vapour. At the turbine exhaust the conditions are 40°С and 10% moisture. The 
flow rate is 150 keh. Determine {a} the rurbine isentropic etficiency, (b) the net 
work output (c) the cycle efficiency, and (d) the area of solar collector needed if 
the collectors pick up 0.58 kW/m”. 

Ans. (ау 0.767, (b) 15.51 KW, {с} 14.7%, (d) 182,4 m? 
Іа а reheat cycle, the initial steam pressure and the maximum temperature are 
150 bar and 550°C respectively. If lhe condenser pressure is 0.1 bar and the 
moisture at фе condenser inlet is 5%, and assuming idea) paocesses, determine 
(a) the reheat pressure, (b) che cycle eificiency, and (с) Ше steam rite, 

Ans. 13.5 bar, 43.6%, 2.05 kg/kW h 

Ја а nuclear power-plant heat is ітапв еттей in the reactor to liquid sodium. The 
liquid sodium із then pumped to a heat exchanger where keot ts transferred ta 
steam. The steam leaves Ibis heat exchanger as saturated vapour at 55 bar, and is 
ihen superheated in an external gas-fired superheater іо 650°C. The steam then 
enters the Turbine, which has one extraction point ai 4 bar, where steam flaws to 
an open feedwater heater, The turbine efficiency is 73% and the condenser 
temperature is 40°C. Determine the heat transfer in ihe reactor end im the 
superbeates to produce a power output of 50 МҰҒ. 
In а reheat cycle, steam at 500°C expands in a l.p. turbine till it is samraued 
vapour. 11 is reheated at conmant pressure іо 400°C and then expands in a Ep. 
turbine to 40°С. [f the maximum moisture content at the wirbine exhaust rs 
limited to 15%, Hind а) the reheat pressure, (b) the pressure of steam af the inict 
to ihe k.p. turbine, (c) the net specific work output, (d) the cycle efficiency, and 
{е} the srearn rate. Assume all ideal processes. 

What would һауе been the quality, the work output, and the cycle efficiency 
without the reheating of steam? Assume Ша lhe other conditions remam the 
same. 

А regenerative cycle operates wh steam supplied at 30 bar and 300°C, and 
condenser pressure of 0.08 bar, The extraction paints for bwo heaters (ane closed 
and one open) are at 3.5 bar and 0.7 bar respectively. Calculate the thermal 
e(ficiency of the plant. neglecting pump work. 

The net power өпірші of the turbine m ап ideal reheat-regenerapve cycle is 
100 MW. Steam enters the high-pressure (Н.Р) turbine at 90 bar, 550°C, АЙег 
expansion to 7 Бағ, some of the steam goes to an open heater and the balance is 
reheated ta 400°C, afler which it expands to 0.07 bar. (а) What 15 the steam flow 
rate to the Н.Р. turbine? (b) What is the total pump work? (c) Сліспізі the cycle 
efficiency. (d) (fthere isa 10°C тізе in the temperature of the cooling water, what 
is the rate of flow of the cooling water in the condenser? (e) IE the velocity of the 
steam flowing from the turbine 1o the condenser ts limited ta à maximum af 
130 m/s, find ihe diameter of the connecting pipe. 

A mereury сус is superposed en the steam cycle operating between the boiler 
outlet condition o£ 40 bar, 400°C and the condenser temperature of 40°C. The 
heat released by mercury condensing at 0.2 bar is used to impar the fatent heat of 
vaporization to the water in the steam cycle. Mercury enters the mercury turbine 
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12.10 


12.11 


12.12 


12.13 


12.14 


as saturated vapour at 10 bar. Сотпрше (а) Ер of mercury circulated per kg of 
water, and (b) the efficiency of the combined cycle. 
The property values of saturated mercury are given below 


р (bar) РС) Ay A, Sy Sp т 2, 
(kJ/kg) (kJ/kg К) (т/р) 

10 515.5 72.23 363.0 0.1478 0.5167 809x10” 0.0333 
02 2773 3835 336.55 0.0967 0,6385 774х10% 1,163 
] an electric generating station, using a binary vapour cycle with mercury in the 
upper cycle and steam in the lower, the ratio of mercury flow to steam боч 18 
10 : 1 опа mass basis. At an evaporation rate of 1,000,000 kg/h for the mercury, 
is specific enthalpy rises by 356 в in passing through the boiler. 
Superbealing ihe steam in the boiler furnace adds 586 kJ to the steam specific 
enthalpy. The mercury gives up 251.2 Ека during condensation, and the steam 
gives up 2003 kJ/kg in its condenser. The overall boiler efficiency is 85%. The 
combined turbine mechanical and generator efficiencies are each 95% for the 
mercury and steam шиі. The steam auxiliaries require 5% of the energy 

generated by tbe units, Find the overall efficiency of the plant. 

A sodium-mercury-steam cycle operates between 1000°С and 40°C. Sodium 
rejects heat at 670°C to mercury. Mercury boils at 24,6 Баг and rejects heat at 
0.141 bar. Both the sedium and mercury cycles ате saturated. Steam informed ai 
30 bar and is superheated in the sodium boiler to 350°C, 1t rejects heat at 0,08 
har. Assume isentropic expansions, по beat losses, and по regeneration and 
neglect pumping work. Find {а} the amounts of sodium and mercury used per kg 
of steam, (bj the heal added and rejected in the composite cycle per kg steam, 
(с) the total work done per kg ешт. {d} the efficiency of the composite cycle, 
(e) the efficiency of the corresponding Carnot cycle, and (D) the work, beat added, 
and efficiency of a supercritical pressure steam (single fluid) сусіс operating ài 
250 bar and between the same temperature limis., 

For mercury, at 24.6 bar, Я, = 366.78 kJ/kg 


t = 0.48 kJ/kg K and at 0.141 bar, = 0.09 


and 5; = 0.64 kJ/kg K, Я, = 36.01 and 4, = 330.77 ЕКВ 


For sodium, at 000°C, h, = 4982.53 kI/kg 

Al turbine exhaust, й = 3914.85 kl ‘ke 

At 670°C, h; = 745.29 ЖЕ 

For a supercritical steam cycle, the specific enthalpy and entropy at the rurbine 
шісі may be computed by extrapalation from the steam tables. 

A textile factory requires [0,000 kg/h of steam for process heating at 3 bar 
saturated and 1000 kW of power, for which a back pressure curbine of 70% 
internal efficiency is to be used. Find the sleam condition required at the inlet to 
the turbine. 

A 10,000 kW steam turbine operates with steam at Фе тшст at 40 bar, 400°C and 
exhausts at 0.1 bar. Ten thousand kg/h of steam at 3 bar are to be extracted for 
process work. The turbine has 75% isentropic elfictency throughout. Find the 
boiler capacity required. | 

А 50 MW steam plant built in 1935 operates with steam at the inlet at 60 bar, 
450°C воа exhausts at 0.[ bar, with 80% turbine efficiency. It is proposed to 
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12.19 


12.20 


12.21 


(b) the work done in the turbines. 


30 bar, 320 C n= 0.70 
- п= 0.75 om 
a ШЫ 
E x1 "HP ‚ БР." 
В ч Turbina ‚ Turbine! 
Boiler | " | 
: 2 bar ғ 
Ек. GN көк Ж. t 0.07 bar 

Р | s | | 

) е i cii 

м. | 

71 Тааз | Gondenser 
ҚЫ () қ 
р H L 38°С 


Fig. Р 12.18 


In a combined power and process plant the boiler generates 23,000 ngh of steam 
at a pressure of 17 bar, and temperature 230°C. A part of the steam goes to a 
process heater which consumes 132.56 kW, the steam leaving the process heater 
0.957 dry at 17 bar being throttled to 3.5 bar. The remaining steam flows through 
a Н.Р. turbine which exhausts at a pressure of 3.5 bar. The exhaust steam mixes 
with the process steam before entering the L.P. turbine which develops 
1337.5 kW. At the exhaust the pressure is 0.3 bar, and the steam is 0.912 dry. 
Draw a line diagram of the plant and determine (a) steam quality at the exhaust 
from the Н.Р. turbine, (b) the power developed by the Н.Р. turbine, and (c) the 
isentropic efficiency of the Н.Р. turbine. 
Ans. (a) 0.96, (b) 1125 kW, (c) 77% 
In а cogeneration plant, the power load is 5.6 MW and the heating load is 
1.163 MW. Steam is generated at 40 bar and 500°C and is expanded 
isentropically through a turbine to a condenser at 0.06 bar. The heating load is 
supplied by extracting steam from the turbine at 2 bar which condensed in the 
process healer to saturated liquid at 2 bar and then puruped back to the boiler. 
Compute (2) the steam generation capacity of the boiler in tonnes/h. (b) the heat 
input to the boiler in MW, and (c) the heat rejected to the condenser in MW. 
Ans. (а) 19.07 vh. (b) 71.57 MW, and (c) 9.507 MW 
Steam is supplied to a pass-out turbine at 35 bar, 350°C and dry saturated process 
steam is required at 3.5 bar. The low pressure stage exhausts at 0.07 bar and the 
condition line may be assumed to be straight (the condition line is the locus 
passing through the states of steam leaving the various stages of the mrbine). If 
the power required is | MW and the maximum process load is 1.4 kW, estimate 
the maximum steam [low through the high and low pressure stages. Assume that 
the steam just condenses in the process plant. 
Ans. 1.543 and 1.182 kg/s 


12.22 


12,21 


12,24 


12,25 


12.26 


[2.27 


12.28 
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Creotherrual energy from а natural peyser сап be obtained as à continous supply 
of steam 0.87 dry at 2 bar and at a low rate of 2700 kg/h. This is utilized in a 
mixed-pressure cycle to augment the superbeated exhaust from а high pressure 
Turbine of 83% intemal efficiency, which is supplied with 5500 kg/h of steam at 
40 bar and 500°C, The mixing process is adiabatic and ihe mixture is expanded 
to а condenser pressure of 0.10 bar in a low pressure mrbine of 78% internal 
efficiency. Determine the power output and the thermal efficiency of the piant. 
Ans. 1745 KW, 35% 
In a study for a space project it is thought that the condensation of a working fluid 
might be possible at 40°С. A binary cycle is proposed, using Relrigerant-12 as 
the low temperature fuid, and water as the high temperature Muid. Steam is 
generated at 80 bar, 500°C and expands in a turbine of 8196 isentropic efficiency 
ta 0.06 bar, at which pressure it is condensed by the generation of dry saturated 
refrigerant vapour at 30°C from saturated liquid at —40°С. The isentropic 
efficiency of the R-12 turbine is 83%, Determine the mass ratio of R-12 to water 
and the efficiency of the cycle. Neglect al! losses. 
Ans. 10,86; 44.4% 
Steam +5 gencrated at 70 bar, 300°C and expands m a turbine te 30 bar with an 
Iseniropic efficiency of 77%. At this condition rt is mixed with twice ns mass of 
steam at 30 bar, 400°C. The mixture then expands with an isentropic efficiency 
of 80% to 0.06 bar. At a point in the expansion where the pressure is 5 bar, steam 
15 bled for feedwater heating m a direct contact heater, which raises the feedwater 
to the saturation temperature of the bled steam. Calculate the mass of steam Мезі 
per kg of high pressure steam end the cycle efficiency. As assume that the L.P. 
expansion condition line in straight, 
Ans. 0.53 kg; 31.9% 
An ideal steam power plant operates between 70 bar, 550°C and 0.075 bar. It has 
seven feedwater heaters, Find the optimum pressure and temperature at which 
each of Lhe heaters operate, 
In а reheat cycle steam at 550°C expands in un h.p. turbine till И is saturated 
vapour. [t is reheated at constant pressure to 400°C and then expands in a l.p. 
nuroine to 40°C”, Ef the moisture content at ош пе exhaust is given to be 14,67%, 
find (a) the reheat pressure, (b} the pressure of steam at inlet to the h.p. turbine, 
(c) the net work output per Кр, and id} the cycle efficiency, Assume all processes 
to be ideal, 
Ans. (а) 20 bar, (b) 200 bar, (c) 1604 kJ/kg. (d) 43.8% 
[n a reheat steam cycle, the maximum seam temperature is limited to SPC. 
The condenser pressure 15 0.1 bar and the quality at turbine exhaust ts 0.8778. 
Had there been no reheat, the exhaust quality would have been 0.7592. Assuming 
ideal processes, determine (a) the reheal pressure, (b) the boiler pressure, (c) the 
сусіс efficiency, and (d) the steam rate. 

Ans. (а) 30 bar, (b) 150 bar, (с) 50.51%, (4) 1.9412 kg/k Wh 
іп а cogeneration plant, steam cntera the h.p. stage of a two-stage turbine at 
] MPa, 200°C ond leaves it at 0.3 MPa, At this paint rome of the siearn is bled 
off and passed through a heat exchanger which it leaves as saturated liquid at 
0.3 MPa. The remaining steam expands in the l.p. stage of the иле to 40 kPa. 
The turbine із required to produce a total power of | MW and the heat exchanger 
10 provide a heating rate of 500 KW. Calculate the required mass flow rate of 


| Gas Power Cycles 


Here gas is the working fluid. It does not undergo any phase change. Engines 
operating on gas cycles may be either cyclic or non-cyclic. Hot air engines using 
air as the working Пша operate on a closed cycle. Internal combustion engines 
where the combustion of fuel takes place inside the engine cylinder are non-cyclic 
heat engines. 


13.1 Carnot Cycle (1824) 


Тһе Camot cycle (Fig. 13.1) has been discussed in Chapters 6 and 7. It consists 
of: 


(а) (b) 
Fig. 13.1 Carnot сей 


Two reversible isotherms and two reversible adiabatics. If an ideal gas is 
assumed as the working fluid, then for 1 kg of gas 


RT, in “2: Ww = RT. ln 22. 
1-2 1 1-2 | 
U, ©, 


9,:-% з-с, (А Г.) 
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E LN E Va 
О, «=АГ, in D , М, а RT; In v. 
3 


041 70; F, = - cT) - Га) 


У dQ- y dW 


cycle cycle 
Now 
іңу-і 
US Т, ¥-1) 
0; 1 
l/(v-l 
U Т. 
апп Кы =| 22 
Da T; 
Us U4 | г, 
Therefore 


Q, = Heat added = RT, In 2 
1 


р 
Wie = 91 - 9. = Еп 0 - Tj) 
1 


F — 
uri = 1 Р, (1 3. 1) 

О, 1 
The large back work (F. = В. 1)і5а big drawback for the Carnot gas cycle, 

as in the case of the Carnot vapour cycle. 


Heycie = 


13.2 Stirling Cycle (1827) 


The Shrling cycle (Fig. 13.2) consists of: 
Two reversible isotherms and two reversible isochores. For 1 kg of ideal gas 


Qi; = Wis = АТ, іп Pz 
5 
Qi;7-c(D - Г); 3 =9 


a Ui: 
Qi = Въ = RT in E 


Qi 7 cÁT) - Ty); W4,70 
Due to heat transfers at constant volume processes, the efficiency of the 
Stirling cycle 15 less than that of the Carnot cycle. However, if a regenerative 
arrangement is used such that 
Q- = 0,1, Le. the area under 2-3 is equal to the area under 4-1, then the 
cycle efficiency becomes 
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Fig. 13.22 Stirling cycle 


RT, kha. RT, 28. t Ek 
Е с А-а 
n= 7; E. (13.2) 
RT, ln — 1 
01 


So, the regenerative Stirling cycle has the same elliciency as the Carnot cycle. 


13.3 Ericsson Cycle (1850) 


The Ericsson cycle (Fig. 13.3) is made up of: 


Fig. 13.3 Ericsson cycle 


Two reversible isotherms and two reversible isobars. 
For І kg of ideal gas 


Qi = Wi; = RT, Ш mL 
р; 


ЕСИ П) Fig =Po- vj) = А (TF, Т) 
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Оз 4= W, = – ЕТ, In " 
Qua T eT) 7 74}; Wy = ри - v) = КТ, ~ Т,) 

Since part of the heat is transferred at constant pressure and part at constanti 
Lermperature, the efficiency of the Ericsson cycle is less than that of the Carnot 
cycle. But with ideal regeneration, 2; ; = 0, so that all the heat is added from 
the external source at 7, and all the heat is rejected to an external sink at T5, the 
efficiency of the cycie becomes equal to the Carnot cycle efficiency, since 


RT, In 7L А 
п =1- @ = = UR (13.3) 
© RT, in L 
P; 


The regenerative, Stirling and Ericsson cycles have the same efficiency as the 
Carnot cycle, but much Jess back work. Hot air engines working on these cycles 
have been successfully operated. Bun it is difficult to transfer heat to a gas at high 
rates since the gas film has a very low thermal conductivity. So there has nat been 
much progress in the development of hot air engines. However, since the cost of 
intemal combustion engine fuels is getting excessive, these may find a field of use 
in the neat future. 


13.4 Air Standard Cycles 


Internal combustion engines (Fig. 13.4) in which the combustion of fuel occurs in 
the engine cylinder itself are non-cyclic heat engines. The temperature due to the 
evolution of heat because of the combustion of fuel inside the cylinder is so high 
that the cylinder is cooled by water circulation around it to avoid rapid 
deterioration. The working fluid, the fuel-atr mixture, undergoes permanent 
chemical change due to combustion, and the products of combustion after doing 
work are thrown out of the engine, and a fresh charge is taken. So the working 
flnid does not undergo а complete thermodynamic cycle. 

To simplify the analysis of L.C. engines, air standard cycles are conceived. In 
an nir standard cycle, а сегіпіп mass of air operates in a complete thermodynamic 
cycle, where heat is added and rejected with external heat reservoirs, and аһ the 
processes in the cycle are reversible. Air is assumed to behave as an ideal gas, 
and ifs specific heats are assumed to be constant. These air standard cycles are so 
conceived that they correspond to the operations of internal combustion engines. 


13.5 Otto Cycle (1876) 


One very common type of inlemma combustion engines is the Spark ignition (5.1) 
engine used in automobiles. The Otto cycle is the air standard cycle of such an 
engine, The sequeoce of processes in the elementary operation of the 5 1. engine 
is given below, with reference to Fig. [3.5(a, b) where the sketches ofthe engine 
and the indicator diagram are piven. 
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Fig. 13.4 Nomenclature for reciprocating piston-cylinder engines. 
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Fig. 13.5 (a) 5.1. engine, (5) Indicator diagram 
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Process 1-2, intake. The inlet valve is open, the piston moves to the right, 
admitting fuel-air mixture into the cylinder at constant pressure. 
Process 2-3. Compression. Both the valves are closed, the piston compresses the 
combustible mixture to the minimum volume. 
Process 3-4, Combustion. The rnixture is then ignited by means of a spark, 
combustion takes place, and there is an increase in temperature and pressure. 
Process 4-5, Expansion. Тһе producis of combustion do work on the piston 
which moves 10 the right, and the pressure and temperature of the gases decrease. 
Process 5-6, Blow-down. The exhaust valve opens, and the pressure drops to the 
initial pressure. 
Process 6-1, Exhaust. With the exhaust valve open, the piston moves inwards to 
expel the combustion products from the cylinder at constant pressure, 

The series of processes as deseribed above constitute a mechanical сус/е, and 
not а thermodynamic cycle. The cycle is completed іп four strokes of the piston. 

Figure 13.5 (c) shows the air standard cycle (Otto cycle) corresponding to the 
above engine. It consists of: 

Two reversible adiabatics and two reversible isochores. 


Fig. 13.5 (c) Olto cycle 


Air is compressed in process |--2 reversibly and adiabatically. Heat is then 
added Lo air reversibly at constant volume in process 2—3. Work is done by air in 
expanding reversibly and adiabatically іп process 3—4. Heat is then rejected by 
air reversibly at consLlant volume in process 4-1, and the system (air) comes back 
to its initial state, Heat transfer processes have been substituted for the 
combustion and blow-down processes of the engine. The intake and exhaust 
processes of lhe engine cancel each other. 

Let m be the fixed mass of air undergoing the cycle of operations as described 
above. 

Heat supplied Q) = @5_, = mc, (Ta — T4) 

Heat rejected О, = О, , = mc, (Г, — Г) 


Efficiency n= 1 - 2 =1 - 0608 7 7) 


Q mc, (T; U Г.) 
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burns spontaneously. The rate of burning can, to some extent, be controlled Бу the 

rate of injection of fuel. An engine operatmg in this way is called a compression 
ignition (С.І) engine. The sequence of processes in the elementary operation of a 
C.i. engine, shown in Fig. 13.6, 15 given below. 


(а) 
Fig. 13,6 (а) СА. engins (0) Indicator diagram 


Process 1-2, Intake. The air valve is open. The piston moves ош admitting air 
into the cylinder at constant pressure. 
Process 2-3, Compression, The air is then compressed by the piston to the 
minimum volume with all the valves closed. 
Process 3-4, Fuel injection and combustion. The fuel valve is open, fuel is 
sprayed into the hot air, and combustion takes place at constant pressure. 
Process 4-3, Expansion. The combustion products expand, doing work on the 
piston which moves out fo the maximum volume. 
Process 5—6, Biow-down. The exhaust valve opens, and the pressure drops to the 
initial pressure, 
Pressure 6—1, Exhaust. With the exhaust valve open, the piston moves towards 
^ the cylinder cover driving away the combustion products from the cylinder at 
constant pressure. 
The above processes constitute an engine cycle, which is completed in four 
strokes of the piston or two revolutions of the crank shah, 
^ Figure 13.7 shows the air standard cycle, called the Diesel cycle, correspond- 
"ing № ibe С.І. engine, as described above. The cycle is composed of: 
Two reversible adiabatics, one reversible isobar, and one reversible isochore. 
Air is compressed reversibly and adiabatically in process 1-2. Heat is then 
added to it from an external source reversibly at constant pressure in process 2-3. 
Air then expands reversibly and adiabatically in process 3-4. Heat is rejected 
reversibly ai constant volume in process 4—1, and the cycle repeats itself. 
Form kg of air in the cylinder, the efficiency analysis of the cycle can be made 
as given below. 


Heat supplied, Q, = Qi, = me, (7, — T3 
Heat rejected, Qi-Q = me, (04-7 Гр) 
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п-1- 9 = _ me,(2, Б) 


ЕН - 
" dl а mic, (23 -1,) 
I,- 1 
^ 1 (13.6) 
Yn- 0) 


The efficiency may be expressed in terms of any two of the following three 
ratios 


uU 
Compression ratio, === — 
FU 
Expansion ratio, r= Ky = 24. 
oU 
| y, v 
Cut-off ratio, peat 
, 9 
It is seen that 
Fk Fe Fe 
Process 3-4 
-I 
1, | ту | d 
1 5 ы 
riot 
T, = T, с Zj 
n! 
Process 2—3 


n= Basic and Applied Thatwedynamic 


Process 1—3 


Substituting the values of Т), Ту and T, in the expression of efficiency 
(Eq. 13.6) 


pr Т, |j 
Te = AL 
n=l- i n қ n 
1 
n-h— 
| ) L 
ем 
wet rq s 45-3 


T. 
Asr. > 1, ЦЕН is also greater than unity. Therefore, the efficiency of 


— 


Е 
the Diesel cycle is less than that of the Otto cycle for the same compression ratio. 


13.7 Limited Pressure Cycle, Mixed Cycle 
or Dual Cycle 


The sir standard Diesel cycle does not simulate exactly the pressure-volume 
variation in an actual compression ignition engine, where the fue! mjection is 
started before the end of compression stroke. A closer approximation is the 
limited pressure cycle in which some рагі of heat is added to air at constant 
volume, and the remainder at constant pressure. 

Figure 13.8 shows the p-v and T—s diagrams of the dual cycle. Heat is added 
reversibly, partly at constant volume (2—3) and partly at constant pressure (3-4). 


Heat supplied Qi 7 мс АГ, Т) + mno. - Г) 
Heat rejected 0, = me (T; – Т) 
ien -1- © 
‚ Efficiency 1 О, 
ME тс,(7,-1) 
тс,(1,- 7) * me, (T) - Г) 
5 -f 


=} - —__+_1____ (13.8) 
(;-1)жүсі, - 5) 


The efficiency of the cycie can be expressed in terms of the following ratios 
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Fig. 13.8 Limited pressure cycle, Mixed cycle or Dual сүгіс 


F, 
Compression atio, ғұ = >. 
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F. 
Expansion ratio, ғ, = —5- 
V. 
F, 
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| F; 
. Conslant volume pressure ratio, — 7, = Pr 
P: 
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тұзға, 
n 
OT г. = ы 
г 
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ы 
^ ph А 
1, 
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қ 
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Rankine 
суча {1-2.3-4) 


| cycle (8-b-c-d) 


Fig. 13.13 (4) Comparison of Rankine суси and Brayton cycle, boih operating 
defmern the same феите p, and p, 
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1 — 1 = В - | 
f, Т, 
or n-i ^5. (А үу” 4%)” 
R- Т, Рр г 


If r, = compression ratio = v/v, the efficiency becomes (from equation 13.10} 


T-! 
03 
= 12| M 
1 


_ І 
or "Bron = 1— ҚЫ (13.11) 
Work mtio = —1— Мс „+ 7 Qi 
Hr т 
If r, = pressure ratio = pp, the efficiency may be expressed іп the following 
form also 
Ur- y 
П<1- (2) 
Pi 
or l 


Tereyton -1- {r yr (13.12) 
Р 


The efficiency of the Brayion cycle, therefore, depends upon either the 
compression ratio or the pressure ratio. For the same compression ratio, the 
Brayton cycie efficiency is equal to the Orto cycle efficiency. 

А closed cycle gas rurbine plant (Fig. 13.13) is used in a gas-cooled nuclear 
reactor plant, where the source is а bigh temperature gas-cooled reactor (HTGR) 
supplying heat from nuclear fisston directly to the working fluid (а gas), 

Both Rankine cycle and Brayton cycle consist of two reversible isobars aod 
two reversible adiabatics (Fig. 13.13 (d)). While in Kagkine cycle, the working 
fluid undergoes phase change, in Brayton cycle ihe working fluid always remains 
in Lhe gaseous phase. Both the pump and the sleam turbine in the case of Rankine 
cycle, and the compressor and the gas turbine in the case of Brayton cycle operate 
through the same pressure difference of p, and py. All are steady-flow machines 


р 

and the work transfer is given by — | т dp. For Brayton cycle, the average 
Pi 

specific volume of air handled by the compressor is less than the same of gas in 

the gas turbine (since the gas temperature is much higher), the work done by the 

gas turbine is more than the work input to the compressor, so thai there 15 Ё, 

available to deliver. In the case of Rankioe cycle, the specific volume of water in 

the pump is much less Шап that of the steam expanding in the steam turbine, зо 

Мт>> Яр Therefore, steam power plants are more popular than the gas turbine 

plants for electricity generation. 
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13.9.1 Comparison Setween Braylon Cycle and Otio Cycle 


Brayton and Опо cycles ure shown superimposed on the p-r and 7-5 diagrams in 
Fig. 13.14. For the same ғ, and work capacity, the Brayton cycle (1-2-5-6) 
handles a larger range of volume and a smaller range of pressure and emperaire 
than does the Otto cycle (1-2-3-4). 

In the reciprocating engine field, the Brayton cycie is not suitable. А 
reciprocating engine cannot efficienily handle a large volume flow of low pressure 
- gas, for which the engine size ( TAL L} becomes large, and the friction losses 
also become more. So the Otto cycle is more suitable in the reciprocating engine 
feki. 


Fig. 13.14 Comparison of Otto and Brayton cycles 


In turbine plants, however, the Brayton cycle is more suitable than the Otto 
Cycle. An intemal combustion engine is exposed Lo the highest temperature (after 
the combustion of fuel) only for a shon while, and it geis time to become cool in 
the other processes of the cycle, On the other hand, а gas turbine plant, a steady 
flow device, is always exposed to the highest temperature used. 50 io protect 
material, the maximum temperature of gas that can be used in a gas turbine plant 
cannot be as high as in an internal combustion engine, Also, in the steady flow 
macbinery, it is more diíTicult to carry out heat transfer at constant volume than at 
constant pressure. Moreover, a gas turbine сап handle a large volume flow of gas 
quite efficiently. So we Пой that the Brayion cycle is the basic air standard cycle 
for all modem gas turbine plants. 


13.9.2 Effect of Regeneration on Brayton Cycle Efficiency 


The efficiency of the Braylon cycle can be increased by utilizing part of the 
energy of the exhaust gas from the turbine in heating up the air leaving the 
compressor in а heat exchanger called a regenerator, thereby reducing the 
amount of heat supplied from an extemal source and also the amount of heat 
rejected. Such a cycle is illustrated in Fig. 13.15. The temperature of air leaving 
the turbine at 5 is higher than tbat of air leaving lhe compressor at 2. In the 
regenerator, the temperature of air leaving the compressor is mised by heat 
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0:-%-А-с,(1,- Г) 
Wl = ha- Я; = с; (7,- 7) 
№. = hy – hy =, (Т.- Т) 
ge _)_ eee fi 


а n-H 

In practice the regenergtor is costly, heavy und bulky, and causes pressure 
losses which bring about a decrease in cycle efficiency, These factors have to be 
balanced against the pain in efficiency to decide whether it is worthwhile to use 
the regenerator. 

Above a certain pressure ratio (рр) the addition of a regenerator causes а 
loss in cycle efficiency when compared to the original Brayton cyele. In this 
situation the compressor discharge temperature (7) is higher than the turbine 
exhaust gas temperature {Ту (Fig. 13.15). The compressed air will thus be cooled 
in the regenerator and the exhaust gas will be heated. As а result both the heat 
supply and heat rejected are increased. However, the compressor and turbine 
works remain unchanged. So, the cycle efficiency {H yer 0) decreases. 

Let us now derive an expression for the ideal regenerative cycle when the 
compressed air is heated to the turbine exhaust temperature in the regenerator so 
that T, = Т, and T; = T, (Fig. 13.15). Therefore, 


j=l- 


"-1-0-1-5-1,) 1 
1—1, 411-(5;/7,) 
1,5 [1- (1/7) 
TL nil-(n/n) 
Y=]; 
Siner 2 (а) ЖЕЛ 
Hh РІ 1; 
п=1- и (13.13) 
Т, 


For a fixed ratio of (7 /7,), the cycle efficiency drops with increasing pressure 
ratio. 


13.9.3 Effect of Irreversibilities in Turbine and Compressor 


The Brayton cycle is highly sensitive to the real machine efficiencies of the 
turbine and the compressor, Figure 13.16 shows the actual and ideal expansion 
ard compression processes. 

А-А _ Bh-n 


Turbine efficiency, = = 
UP M E Thes ВТ, 
ha, T А; - 1, B 1, 


һ-һ h-i 
Ва = Fr- Fe = (Ay - һ,)—{һ,— Ар) 


Compressor efficiency, Лес = 
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Trax 
(Ышы! = 


T To -b 
ыы "| =| (13.14) 
Ты 

From Fig. 13.17 it is seen that the work capacity of the cycle, operating 
between Та and T, 4, is zero when r, = 1 passes through a maximum, ond then 
again becames zero when the Carnot efficiency is reached. There is an optimum 
value of pressure ratio (ғ), at which work capacity becomes a maximum, as 
shown in Fig. 13.19. 


0 1 


(аа Uo max 
— Ға 


Fig. 13.19 Effect of pressure ratio on net ош ы! 


For 1 kg, 
We = ср [3 — 74) - 3 — А) 
where T, = Ги МЇ T, = Ту 
В pyt- ley 
Now Т, = (ry) 
ва Т, = Tyr ttt 
Similarly Ty = T rfr! 
Substituting in the expression for Pre 
Woes = Cp [Ру Ty (rg) КРЛ ГИ + T (13.15) 
То find (r юр! 
ажа _ c |-x[- r- УШ _ (ТЕК шел») -0 
dr р y j? y j^ 
p 
-1 -3 _ yY-ij - 
Са 


pba? — В. 
P 1, 
| 
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T үЖү-1) 
ог (^os = Е 
1 
Т т/ДҮ-1) 
г. (Ыл = Ен (13.16) 
inum 


From Eqs £13.14) and (13.16) 


(ға = JUI (13.17) 


Substituting the values of (7), in Eq. (13.15) 


- - n) r r-i 
МАЗАМ, Аа = Су В 7 5| — “- 
см) 45- ШЫ; y 


-1,2) i Tia 
nj2y-1 Y 


- lf; 2/755 + Т 
or (Peas = cold Tan — d Ti } (13.18) 
] Tri 


Mele =l- ур Ут (13.19) 
р пах 


Considering the cycles 1—2'—3'—4' and 1—2"—3"—4"* (Fig. 13.17}, itis obvious 
that to obtain a reasonable work capacity, a certain reduction in efficiency must 
be accepted. 


13.9.5 Effect of Intercooling and Reheating on Brayton Cycle 


The efficiency of the Brayton cycle may often be increased by the use of siaged 
compression with intercooling, or by using staged heat supply, called reheat. 

Let the compression process be divided into two stages. Air, aller being 
compressed in the first stage, is cooled to the initial temperature in a heat 
exchanger, called an intercooler, and then compressed further in the second stage 
(Fig. 13.20). 1-27-5-6 is the ideal cycle without intercooling, having a single- 
slage compressian, 1-2-3-4-6 is the cycle with intercooling, having a two-stage 
compression. The cycle 2-3-4-2' 15 thus added to the basic cycle ]-2”-5-6. There 
is more work capacity, since the included area is more. There is more heat supply 
also. For the cycle 4-2'-2-3, T, 15 lower and 7. higher (lower г.) than those of 
the basic eyele ]—2'—5—6. So the efficiency of the cycle reduces by staging the 
compression and intercooling. But if a regenerator is used, the low temperature 
heat addition (4-27) may be obtained by recovering energy from the exhaust vases 
from the turbine. So there may be a net gain in efficiency when intercooling is 
adopted in conjunction with a regenerator. 

Similarly, [et the totai heat supply be given in two stages and the expansion 
process be divided іп stages in two turbines (7, and 2) with intermediate reheat, 
às shown in Fig. 13.21. 1-2-3-4' is the cycle with a single-stage heat supply 
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having no reheat, with tolal expansion in one turbine only. 1-2-3-4-5-6 is the 
cycle with a single-stage reheat, having the expansian divided into two stages. 
With the basic cycle, the cycle 4-5-6-4 is added because of reheat. The work 
capacity increases, but the heat supply also increases. 


Fig. 13.20 — Effect of intercvoling on Brayton cycle 


In the cycle 4-5-6-47, ғ, is lower than in the basic cycle 1-2-3-4', so its 
efficiency 15 lower. Therefore, the efficiency of the cycle decreases with the use 
af reheat. But T, is greater than Г... Therefore, if regeneration is employed, there 
15 more energy that can be recovered from the turbine exhaust gases. So when 
regeneration is employed in conjunction with reheat, there may be a net gain in 
cycle efficiency. 

IF in one cycle, several stages of intercooling and several stages of reheat! are 
employed, a cycle as shown in Fig. 13.22 is obtained. When the number of such 
stages is large the cycle reduces to Lhe Ericsson cycle with two reversible isobars 
and two reversible isotherms. With ideal regeneration the cycle efficiency 


becomes equal to the Carnot efficiency. 


Fig. 13.21 Effect of reheat on Hrayton суси 


13.9.6 ideal Regenerative Cycle with Intercooling and Reheat 


Let us consider an ideal regenerative gas turbine cycle with two-stage 
compression and a single reheat. It assumes that both iniercooling and reheating 
take place at the root mean square of the high and low pressure in the cycle, so 
thal p, = p, = p} = т IPPs = Ура (Fig. 13.23). Also, the temperature 
after intercooling is equal to the compressor inlet temperature (Г = Г,) and the 
temperature after reheat is equal to the temperature entering the turbine initially 
(Ty = T4). 


Here, Q, = c, (Ta - 75) + e (T3 - T5) 

Since 26. = 28 and T, = Ту, it follows that T, = T; = Ty. 
Р P 

^ Q, -2eT,- T) 

Again, Q4 = c (Tg — Ty) * e (T5 ~ T4) 

but Pı = 2% and AET, 


В Py 


Gas Power Cyetes — 549 


5 Diffuser Compressor Burner sectionTurbina Nozze 


Fig. 13.25 Bane components of a turbojet engine and the T-s diagram of an ideal turbojet сүсі 


Wm EF airean = MCV exis — V inter) Расай (13.22) 
The propulsive efficiency, rj,, is defined by: 


_ Propulsive power _ LA (13.23) 
P Energy inputrate 0, 


И is a measure of how efficiently the energy released during combustion is 
converted to propulsive power. 

Space and weight limirstions prohibit the use of regenerators and intercoolers 
on aircraft engines. The counterpart of reheating is aflerburning. The air-fuel гапо 
in a jet engine is &o high that the turbine exhaust gases are sufficiently rich in 
oxygen to suppari the combustion of more fuel tn an aflerbumer (Fig. 13.26). 
Such burning of fuel raises the temperature of the gas before it expands іп the 
nozzle, increasing the K.E. change in the nozzle and consequently increasing the 
thrusi. In the air-standard case, the combustion is replaced by constant pressure 
heat addition. 


Fuelinjeciors | Flame holder 


Fig. 13.26 — Turbojer engine with cflerburner 


The most widely used engine in aircraft propulsion is the turbofan engine 
wherein а large fan driven by the turbine forces a considerable amount of air 
through а duct (cowl) surrounding the engine (Figs 13.27 and 13.28). The fan 
exhaust leaves the duct at a higher velocity, enhancing the total thrust of the 
engine significantly. Some of the ви entering the engine [lows through the 
compressor, combustion chamber and turbine, and the rest passes through the fen 
into a duct and is either mixed with the exhaust gases or is discharged separately, 
It improves the engine performance over a broad operating range. The ratio of the 
mass flow rates of the two streams is called the bypass ratio. 
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Fig. 13.27  Turbofan engine 
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(Б) 
Fig. 13.28 — Turbofan of bypass jet engines 


. Мьы — "ыы 
Bypass ratio = Шы ugs 
Turbine 


The bypass ratio can be varied in flight by various means. Turbofan engines 


deserve most of the credit for the success of jumbo jets, which weigh almost 
400,000 Ке and are capable of carrying 400 passengers for up to 10,000 km at 


speeds over 950 km/h with less fuel per passenger mile. 


Increasing the bypass ratio of a turbofan engine increases thrust. Ifthe cowl is 
removed from the fan the result is a turboprop engine (Fig. 13.29). Turbofan and 
turboprop engines differ mainly in their bypass ratio 5 or 6 for turbofans and as 
high as 100 for turboprop. In general, propellers are more efficient than jet 
engines, but they are limited to low-speed and low-altitude operation since their 


efficiency decreases at high speeds and altitudes. 


= М 
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Propeller Burner 


Gear reduction 
Fig. 13-29  Turboprof engine 


А particularly simple type of engine known as a ramjet is shown in Fig. 13.30. 
This engine requires neither a compressor nor a turbine. A sufficient pressure rise 
is obtained by decelerating the high speed incoming air in the diffuser (ram effect) 
on being rammed against a barrier. For the ramjet to operate, the aircrafi mast 
already be in flight at a sufficiently great speed. The combustion products exiting, 
the combustor are expanded through в nozzle to produce the thrust. 

In each of the engines mentioned во far, combustion of the fuel ts supported by 
air brought into the engines from the atmosphere. For very high altitude flight and 
space travel, where this is no longer possible, rockets may be employed. In à 


Fuel nozzles ог spray bars 


AJr inset Je nàzzles 


Flarnehuolders 
Fig. 13.30 Кашу enmine 


rocket, boih fuel and an oxidizer (such as liquid oxygen) are carried on board of 
the craft. High pressure combustion gases are expanded іп a nozzle. The gases 
leave the rocket at very high velocities, producing the thrust to propel the rocket. 


13.11 Brayton-Rankine Combined Cycle 


Both Rankine cycle and Brayton cycle consist of two reversible isabars and two 
reversible adiabatics, While the former 15 а phase change cycle, in the iatter the 
working fluid docs not nndergo any phase change. 
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А gas turbine power plant operating on Brayton cycle has certain disadvan- 
tages like large compressor work, large exhaust 1055, sensitivity to machine шей 
hciencies {Пт and пс), relatively lower cycle efficiency and costly fuel. Due to 
ihese factors, the cest of power generation by a stationary gas turbine іп a utility 
system is high. However, a gas turbine plant offers certain advantages also, such 
as less installation cost, less mslallation time, quick starting and stopping, and 
fast response to load changes. So, a gas turbine piant 15 often used as a peaking 
unit for сепат hours of the day, when the energy demand is high. To utilize Ше 
high temperature exhaust and to raise its plant efficiency в gas turbine may be 
used in conjunction with à sleam turbine plant to offer the gas turbine advantages 
of quick starting and stopping and permit flexible operation ofthe combined plant 
over a wide range of loads. 

Let us consider two cyclic power plants coupled in series, the toppiog plant 
operating on Brayton cycle and the bottoming one operating on Rankine cycle 

1. 


(а) (В) 


Fig. 13.31 Srayton-Raakine combined cycle plant 
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neglecting the mass of fuel (for a high air-fuel ratio), and м, being the mass flow: 
of air. 
Wer =W (h ~ Az) 
where w, is the steam {low rate. The pump work is neglected, By energy balance, 
"s Ср, (T, — T) = w, (Ay - ha) 
Now, О, ="; Ср, (7; т Ty} + (7, ш Ta] 
The overall efficiency of the plant is: 
For + ет 
о 
Again, О,=ъ,х С.М. 
where wy is the fuel burning rate. 
High overall efficiency, low investment cost, less water requirement, large 
operating flexibility, phased installatioa, and low environmental impact are some 
of the advantages of combined ga5-steam cycles, 


SOLVED EXAMPLES 


Example 13.1 Ап engine working on the Otto cycle is supplicd with air at 
0.1 MPa, 35°C. The compression ratio is 8. Heat supplied is 2100 kJ/kg. 
Calculate the maximum pressure and temperature of the cycle, the cycle 
efficiency, and the mean effective pressure. (For ап, c, = 1.005, c, = 0.718, and 
R= 0.287 kJ/kg К). 
Solution From Fig. Ex. 13.1 

7,7273. 35 = МЕК 


Fig. Ex. 13.1 


p, = 0.1 MPa = 100 kN/m? 
О, = 2100 kJ/kg 
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Cut-off ratio, r, = 73 2178 


L4 (1474 178-1 
1.24 


=1-0.248. "osg 005 iLe., 60,5% 


Example 13.3 in an air standard Diesel eycle, the compression ratia is 16, and 
at ihe beginning of isentropic compression, the temperature is 15°C and the 
pressure 15 0.1 MPa. Heat is added until the temperuture at the end of tbe constant 
pressure process 15 1480°C. Calculate (a) the cut-off ratio, (b) the heat supplied 


per kg of air, (c) the cycle efficiency, and (d) the m.e.p. 
Solution From Fig. Ех. 13.3 | 


п —L =16 
9; 
= 273 + 15 = 288 К 


Fig. Ех. 13.3 


I 1 (178)4-1 
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p, = 0.) MPa = 100 КМАт? 
T, = 1480 + 273 = 1753 К 


y-t 
i. = (16™ = 3.03 


В (9 
| T, = 288 x 3.03 = 873 К 
2292 Рур 
1 7, 
(à) | Cut-offratio, r, = 22 = В = 1753 25 Ans. 
Ta Г, 873 


(b) Heat supplied, — 0,-с,(7,-7,) 


= 1.005 (1753 — $73) 
= 884.4 KJ/kg 


229 — 
Heat rejected, 0, = c, (T, — Т) = 0.718 (766 — 288) = 343.2 kJ/kg 
(c) Cycle efficiency = 1 — a А 


-1- 3432 0617 or 61.2% Ans. 
884.4 


It may also be estimated from the equation 


] |» 1204-1 


— — — — ш 


L4 (16) * — 201-1 


t l 

21-2. 1.64 = 0.612 or 61.2% Ans. 
14 3.03 ° " 

а = ei x Песусш 
= 884.4 х 0.612 = 541.3 kJ/kg 
_ RT, _ 0.287% 288 _ 9 997 mkg 
Pi 100 
0, = 20 = 0.052 m"/kg 


V, — v, = 0,827 — 0.052 = 0.775 mkg 
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(4) mep. = ——— = ———- = 698.45 kPa Ans. 


Example 13.4 Ап air standard dual cycle has a compression ratio of 16, and 
compression begins at 1 bar, 50°C. The maximum pressure is 70 bar, The heat 
transferred to air at conslant pressure is equa] to that at constant volume. Estimate 
(а) rhe pressures and temperatures at the cardinal points ofthe cycle, (b) the cycle 
efficiency, and (c) the m.e.p. of the cycle, c, = 0.718 kJ/kg K, c, = 1.005 kT/kg К. 
Solution Given: (Fig. Ex. 13.4) 


Г = 273 + 50 = 323 К 


4 per=e 
ix 
2 
i 
Б 
1 
— v 
(а) 
Fig. Ex. 13.4 
1-І 
D. (2) = (16) 
f 0, 
2. 1,-979К 


7 
р, =p( 2) = 10 x (16)'^ = 48.5 bar 
U 
= T, B= 919 x а = 1413 К 
О. у= c, (Ty - T) = 0.718 (1413 – 979) = 312 kJ/kg 
Now 
2-4 = 034 = cV (47 Гу) 


^ T,= 212 141321723 К 
1.005 
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Ту = 1173 К 
rp 26, Пт = Пс = 0.8 
Without a regenerator 


(y -1YY 
fa = P = Ту = (6y 414 = 166% 
Ta | 


1 Py 
Ты = 303 x 1.668 = 505 К 
1173 
T, => =705K 
* 1668 
T-T = 2 5 _ 209 303 „К 
Пс 0.8 


Ty — Ty = nu (T, - T4) = 0.8 (1173 - 705) = 375 К 
Wa = h,- hy = с(Ту- Ta) = 1.005 x 375 = 376.88 kJ/kg 
We = hy — hy = eT- T) = 1.005 x 252 = 253.26 kWkg 
Т,= 252 - 303 = 555 К 
O = Ay - hy = оТ, - Ty) = 1.005 (1173 - 555) = 621.09 kJ/kg 
Wy- We 376.88 - 253.26 


= = 0.199 ог 19.9% 
О, 621.09 


Я = 


With regenerator 
Г. = Г, - 375 = 1173 - 375 = 798 К 


Regenetator effectiveness = Is — 2 = 0.75 
4—2 

М Ге - 555 = 0.75 (798 - 555) 

ог 7,2 137.3 К 


Qi = Ay - Ag = с„(Т,— To) 
= 1.005 (1173 — 737.3) 
= 437.88 Је 


W, ы remains the same. 


^ p= "= 123.62 _ 9 2837 or 28.37% 


^. Percentage increase due to regeneration 


_ 0.2837 - 0.199 


= 0.4256, or 42.56% 
0,199 


Example 13.6 А gas turbine plant operates on the Brayton cycle between 
T nia = 300 K and Tra = 1073 К. Find tbe maximum work done per kg of air, and 
Ihe corresponding cycle efficiency. How does this efficiency compare with the 
Camot cycle efficiency operating between the same two temperatures? 
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TaT, = рр! = AM = 1.181 


T4, = 563.3 К 

Б,-1 

22471 087 Т, = 601 К 
Z-T 2 


РА 1 


0 95 ПЕТ! 
ТУТ, = (Py Pa) = (эл P? | = 1,785 


P, 
T4 = 765.83 К 
Fe- = 290 тС, Рт = 541.06 тс, and Q, = 766 mc, 
541.06 — 290 
Псус!е = — 6 ^ = (0.328 


Case-2: With cooling 
Ace: = 0.328 — 0.05 = 0.278 


Since the extreclion of compressed air for turbine cooling does not contribute 
to turbine work or burner fuel ow, И can be treated as an mcrement x added to 
the compressor mass flow. 


541.06 — 290(1 + x) 


= 9.278 
766 
s х = 0,13 
А 0.13 E 
% of compressor delivery air flow ж TR x 100 = 11.6% Ans. 


Example 13.9 in a gas turbine plant the ratio of Tuse Tmin {5 fixed. Two 
arrmmgernents of components are to be investigated: (а) single-stage compression 
followed by expansion in two turbines of equal pressure ratios with reheat to the 
° maximum cycle temperature, and (b) compression in two compressors of equal 
pressure ratios, with intercooling 10 the minimum cycle temperature, followed by 
single-stage expansion. If Пс and Пт are the compressor and turbine efficiencies, 
show that the optimum specific output is obtained at the same overall pressure 
ratio for each arrangement. 

If 7. ic 0.85 and r4 is 0.9, and T, Тыл, 13 3.5, determine the above pressure 
ratio for optimum specific output and show that with arrangement (a) the optimum 
output exceeds that of arrangement (b) by about | 1*5. 


Solution {a} With reference to Fig. Ex. 13,9(а) 


m Dr P _ Ра 
Ti Tau G= Г 1 
І mi 3 5 MAX m "n 
Ра Үрірҙ 
Ра = ғ, pressure ratio 
Py 


Ри = Рр" Р 


564 = Basic and Applied Thermodynamics 


| P4 vr py 
pw ра жені 
1 Pp 
where x= re 
Y 
Ты = Тыз” 
(AT en = Ta- Ty = Ты” — Simin = Тш” 1) 
(АТ), жар 
Тав (#* — 1) 
ДЕР" Gh] n 
I Pa J-P 


Ta = n r = Т Р" 
{AT Doub = Ty- Ts = Т Ta 
= Ton а Б 7 
(АТушь = Пт Trax (1 - у= (АТ; 


ZR 2hr AN tu eese; -» 


ан” 52; ux т 
S ZL 1” de Е z-r* '|=0 
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Fig. Ex. 13.9(b) 


On simplification 


T. 
peu? = max 
T Яс Т. 


Tan 


T 2H 3C - l) 
ы = (n. н | 
(b) With reference to Fig. Ех. 13.9(b) 
(t-lyT 

Dl (2) = (Ату =r? 

T in Р\ 
(AT) р 7 Ta- T1 = Tmin (72-1) 
Trin (r — 1) 

"n 


C 
М (1-Е 
Т6, Ре 


Ta ш T i 
(Alha = Так Ты Ill- r") 
(AT) = Wr Tma (0-777) 


W et - т гт") 


(АТ), mp 1 > = (АТ), um 2 


2T 07 - 2 
Tic 
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р? 
9 = СТ, - Г) - EN 
2 
oT +- 22334 
2C, 
= 277.78 К 
р = (ТИТ 0 


L.4/0.4 
-35 EN (FIB) = 64.76 kPa 
m 233 - 


py7 ғр) = 10x 64.76 = 647.6 kPa 


300° 
2 х 1.005 


x 10° 


(Y - ov 
Т, = (2) Т, = 277.738(10)°*"* 
Р) 
= 536,66 K 


T, = Ty — Ty + Ty = 1373 - 536.66 + 277.78 
= 1114.12 К 


g үт? (БЕ 2 
-|.. = 647.6 а а 
Ps B Pa 1373 


= 311.69 К Ans. (а) 


(b) For isentropic expansion of gases in the nozzle, 


(7-77 0.296 
T,=T,| 2 = 1144.12 ( 35 | 
Ps 31169 
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К, = 3775, h, = 2183, В, = 138 = А, all in kJ/kg 
(QUs = Ay — h, = 3775 — 138 = 3637 kJ/kg 
07%, = 1.11(800 — 100) = 777 ИЖЕ 


By energy balance of the steam generator, 


w, X 777 = w, x 3637 
wyw, = 4.68 
Woop = hy — h, = 3775 — 2183 = 1592 kJ/kg 


w, X 249 + w, x 1592 = 190 x 10° kW 
№, (4.68 x 249 + 1592) = м, x 2.757 x 10? = 190 x 10° 


Now, 


w, = 68.9 kg/s and w, = 322.5 kg/s 


w, (612 + 483) = w x 43,300 | 
w/w, = AF ratio = 35300. = 39 5 Ans. 
1095 
| 322.5 _ 
Fue] energy input = ET x 43,300 = 353525 kW 
= 353.5 MW 
Ton = x = 0.537 or 53.7% Ans. 


REVIEW QUESTIONS 


13.1 
13.2 


13.3 
13.4 
13,5 
13.6 
13.7 
13.8 
13.9 
13.10 
13.11 
13.12 


13.13 


13.14 


What are cyclic and non-cyclic heat engines? Give examples. 
Wha ве the four processes which constitute the Stirling cycle? Show that the 
Tegenerative Stirling cycle has the same efficiency as the Carnot cycle. 
State the four processes that constitute the Ericsson cycle. Show thal the 
regenerative Ericsson cycle has the same efficiency as the Carnot cycle. 
Mention the merits and demerits of the Stirling and Encsson cycles, 
What is an air standard cycle? Why are such cycles conceived? 
What is a spark ignition engine? What is the air slandard cycle of such an engine? 
What are ils four processes? 
Show that the efficiency of the Опо cycle depends only an the compression табо. 
How is the compression ratie of an S] engine fixed? 
What is а compression ignition engine? Why ts the compression ratio of such an 
engine more than that of an SI engine? 
Slate the four processes of the Diesel cycle. 
Explain the mixed or dual cycle, ` 
For the same compression ratio and һеа1 rejection, which cycle is most efficient: 
Оно, Diesel or Dual? Explain with p-v and 7— diagrams. 
With ihe help of р-п and Т-ғ diagrams, show that for the same maximum 
pressure and temperature of ihe cycle and the same heat rejection, 

Hine ” Прыы > ош 
What аге the three basic components of а gas turbine plant? What is the air 
standard cycle of such a plani? What are the processes it consists of? 
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13.15 
13.16 
13.17 
13.18 
13.19 
13.20 
13.21 
13.22 
13,23 
[3.24 


13.25 


13.26 
13.27 
13,28 
13.29 
13.30 
13.31 
13.32 


13.33 
13.34 


Shaw that the efficiency of the Brayton cycle depends only on the pressure ratio. 
What is the application of the closed cycle gos turbine plant? 

Discuss the ments and demenis ef Brayton and Oto cycles applied to 
reciprocating and rotating plants, 

What is the effect of regeneration on Braylon cycle efficiency? Define the 
e[Tectiveness of a regenerator. 

What is the effect of ineversibilities in turbine and compressor on Brayton cycle 
efficiency? ; 

Explain the effect of pressure ratio on the net output and efficiency of a Brayton 
cycle. 

Derive ihe expression of optimum pressure ratio for maximum net work output in 
an ideal Drayton cycle, What is the corresponding cycle elliciency. 

Explain the effects of: (а) intercoohing, and (b) reheating, on Brayeon cycle. 
What 15 a free shalt turbine? 

With the help of flow and 7-5 diagrams explain the aic standard cycle for a jet 
propulsion plant 

With the belp of a neat sketch explain the operation of a turbojet engine. How із 
the thrust developed in this engine? Why does а commercial airplane fly at high 
altitudes? 


Define propulsive power and propulsive efficiency. 

Why are regenerator and intercoolers not used in aircraft engines? Whal is afier- 
burning? Why is it used? 

Explain the working of a turbofan engine with the help of a nest sketch. Define 
"bypass ratio”, How does it mfluence the engine thrust? 

How does a turboprop engine ШПет from a turbofan engine? 

What 15 в ramjet? How is the thrust produced here? 

What is а rocket? How is it propelled? 

Explam the advantages aud disadvantages of a gas turbine plant for a utility 
system. 

What are the advantages of a combined gas turbine-steam turbine power plant? 
With the help of flow and 7—s diagrams explain the operation of a combined 
GT-ST plant. Why is supplementary firing often used? 


PROBLEMS 


13.1 


"3.2 


In a Stirling cycle the volume varies between 0.05 and 0.06 m^, the maximum 
pressure is 0.2 MPa, and the temperature varies between 540°C and 270°C. The 
working fluid is air (an ideal gas). ба) Find the efficiency and the work done per 
сусе for the simple cycle. (b) Find the efficiency and the work done per cycle for 
the cycle with an ideal regenerater, and compare wilh the Camot cycle having the 
same isolhermal heat supply process and the same temperature range. 
Ans, (а) 27.7%, 53.7 ki/kg, (b) 33.2% 
An Ericsson cycle operating with an ideal regenerator works berween 1100 K 
and 288 К. The pressure at the beginning of wothermal compression is 1.013 bar. 
Detennine {a} the compressor and turbine work рет kg of аш, and (b) the cycle 
efficiency. 
Аяз. (а) Fr = 465 kI/kg, Ве = 121.8 kJ/kg (b) 0.738 


13.5 


[3.6 


13.8 


13.9 


13,10 


13.11 


13.12 
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Plot ihe efficiency of the ви etandard Ono cycle as в function of the compression 
ratio for compression ratios from 4 to 16. 
Find the air standard efficiencies for Orto cycles with а compression ratio of 6 
using ideal gases having specific heat ratios 1.3, 1.9 and 1.67. What are the 
adveniages and disadvantages of using helium as the working Muid? 
Anengine equipped with а cylmder having à bore of 15 cm and а stroke af 45 cm 
operates on an Otto cycle. If ihe clearance volume is 2000 ст, compute the air 
standard efficiency. 
Ans, 47,474 
[п ап air standard Ono cycle the compression ratio is 7, and compression begins 
at 35°C, 0.1 MPa. The maximum temperature of the cycle is 1100°С. Find (a) the 
temperature and pressure ai whe cardinal peints of the сусе, (bi the heat supplied 
рес kg of gir, (c) the work done per kg af air, (d) ine cycle efficiency, and (c) the 
m.e.p. af the cycle. 
Án engine working on the Otta cycle has an air standard cycle cfliciency of 86% 
and rejects 544 kJ/kg of air. The pressure and temperature of air al the beginning 
of compression are 0.1 MPa aad 60°C respectively, Compute £2! the compression 
ratio of ihe engine. (b) the work done per kg of air. (c) the pressure and 
temperarure ai the end of compression, and (d) the maximum pressure in the 
cycle. 
For an air standard Diese! cycle with a compression ratio of 15 plat the efficiency 
as a function of the cut-off ratio for cut-off ratios from | to 4, Compare with the 
results of Problem 13,3, 
Tet an ait slandard Diesel cycle, the compresston ratio is 15. Compression begins 
at 0.1 MPa, 40°C. The heat added is 1.675 MJ/kg. Find (a) the maximum 
temperature of ilie cycle, (b) the work done per kg of ar, (c) the cycle efficiency, 
(4) Ше temperature al the end of the ізетиторіс expansion, (е) the cut-off ratio. 
(T) the maximum pressure of the cycle, and (р) the m.e.p. of the cycle. 
Two engines arc to operate on Otto and Diesel cycles wath the following data: 
Махілішт temperature #400 К, exhaust temperature 700 К. State of air at the 
beginning of compression 0.1 MPa, 300 К. 
Estimate the compressijan ratios, the maximum pressures, efficiencies. and rate 
of work ourputs (for 1 kg/min of air) of the respective cycles. 
Ans. Onta—r, = 5.656, р, = 2.64 MPa. iF = 2872 Иа, п = 50% 
Dicsel—7r, = 7.456, а" 1.665 MPa. IF = 446.45 kl/kg, 1 = 60.8% 
An air standard limited pressure cycle has a compression ratio of 15 and 
compression begins at 6.1 MPa, 40°C. The maximum pressure is limited to 
6 MPa and the heat added is 1.675 МА. Compute (ау the heat supplied 7^ 
constant volume per kg of air, (b) the Нез supplied at constant pressure per ka of 
air, 4c) the work done per ke of air, (d) the cycle efficiency, (с) the temmpevature at 
Ше end of the constant volume heating process, (P) the cut-olf ratio, and £g the 
mép. of ihe cycle, 
Ans. (а) 235 kJ/kg, (b) 1440 КГК, (c? 1014 0Кр, (d) 60,5%, 
he) 1252 К. {[} 2,344 (0) 1.21 MPa 
іп an ideal cycle for an intemal combustion engine lhe pressure and temperatare 
at the beginning of adiabatic compression are respectively (1.11 MPa and 115°C, 
the compression ratio being 16, At tbe end of compression heat is added (o the 
working Пий, first, at constant volume, and then at constant pressure reversibly. 
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13.13 


13.14 


13.15 


13.16 


13.17 


. 13.18 


The working fluid is then expanded adiabatically and reversibly to the original 
volume. 

if ihe working fluid ts air and the maximum pressure and temperature are 
respeciively б MPa and НИРС, determine, per kg of air fa} the pressure, 
temperature, volume, end entropy ofthe air at the five cardinal points of the cycle 
(take s, as Ше entropy of air at the beginning of compression), and (b) the work 
output and efficiency of the cycle, 

Show that the аш standard efficiency for a cycle comprising гапо constant pressure 
processes and two isothermal processes (al! reversible) із given by 


__(1-)ш(ъу 7 
ІП -іІп(,/7-97-7,| 


where 7, and 7, are the maximum and minimum temperatures of the cycle, and 
ry is the pressure ratio. 

Obtain an expression for the specific work done by an engine working on the 
Опо cycle in terms of the maximum and minimum temperatures of the cycle, the 
compression ratio ғ, and constants of the working fluid (assumed to be an ideal 
gas). 

Hence show that the compression ratio for maximum specific wark output is 


given by 
I20-y) 
Tun 
pn-2.|—mn. 
: Бе 


А dual combustion cycle operates with a volumetric compression mto ғ, = 12, 
and with a cut-off гапо 1.615. The maximum pressure is given by 2, = 5401, 
where p, 15 lhe pressure before compression. Assuming indices of compression 
and expansion of 1,35, shaw that the m.c.p. of the cycle 
Ёа 10 Pi 
Hence evaluate (e) temperarures at cardinal points with 7, = 335 K, and (b) cycle 
efficiency. 
Ans. (a) Г, = 805 K, p, = 29.2 pp Г, = 1490 К, 7, = 2410 К, 
T, = 1200 K, (b) n = 0.67 
Recalculate (a) the temperatures at the cardinal points, (by the m.e.p., and (c) the 
cycle efficiency when the cycle of Problem 13.15 is a Diesel cycle with the same 
compression габо and a cut-aiT ratio such as to give an expansion curve 
coincident with the lower part of that of the dual cycle of Problem 13.15, 
Ans. (а) T, = 805 K, 7, = 1970 К, Г, = 1142 К (b) 6.82 ру, (c) т] = 0.513 
In an air standard Brayton cycie the compression ratio is 7 and the maximum 
temperature of the cycle is 800°C. The compression begins ai 0.1 MPa, 35°C. 
Compare the maximum specific volume and the maximum pressure with the Otio 
cycle of Problem 13.6. Find (а) ihe heat supplied per kg of aic, (b) the net work 
dene per kg of air, (e) the cycle efficiency, and (d) the temperature at the end of 
ihe expansion process, 
А gas turbine plant operates on the Brayton cycle berween the temperanures 27°С 
and 8OD^C 4a) Find the pressure ratio at which the cycle efficiency approaches 
the Carnot cycle efficiency, (b) find ihe pressure ratio at which the work done 
per kg of air 15 maximum, and іс) compare the efficiency at this pressure гапа 
with the Cema efficiency for the given temperatures. 
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13,31 


13.32 


13.33 


13,34 


[3.35 


13.36 


al! processes are ideal, Determine (a) pressure ру, (b) Ше pet work per kg and 
masa flow rate, (c) temperature T, and cycle thermal efficiency, and (d) the 7-5 
diagram for the cycle. 
Repeat Problem 13.30 assuming that the compressor has an efficiency of 80%, 
both the curbines bave efficiencies of 85%, and the regenerator has an efficiency 
of 72%. 
An ideal air cycle consists af isentropic compression, constant volume heat 
transfer, isothermad expansion to Lhe original pressure, and constant pressure heat 
transfer to the origina! temperature. Deduce an expression for the cycle efficiency 
in terms of volumetric compression ration, and isothermal expansion ratio, ғ,. ln 
such a eycle, the pressure and temperature at the start of compression are Г bar 
and 40°С, the compression ratio 15 8, and the maximum pressure ts 100 bar. 
Determine the cycle efficiency and the т.р. 
. Ант 51.5%, 3.45 bar 


Power ~~~ E 
Turbine. 1 T 


p,71atm i, = 920" C 
= 26°C RET ру = lalm 


Fig. P 13.30 


For à gas lurbine jet propulsion unit, shown in Fig. 13.24, the pressure and 
temperaiure entering the compressor аге 1 atm and 15°C respectively. The 
pressure гато across the compressor is б io | and the temperature at the rurbine 
inlet is 1000*C, On leaving the turbine the air enters the nozzle and expands to 
t аё. Determine the pressure at the nozzle inlet and the velocity af the air leaving 
the nozzle. 

Repeat Problem 13,33, assuming that the efficteney of the compressor and 
turbine are bolh 85%, and that the nozzle efficiency is 95%. 

Develop expressions for work output per kg and the efficiency of an ideal Brayion 
cycle wrih regeneration, assuming maximum possible regeneration. For fixed 
maximum and minimum temperatures, how do the efficiency and work ошршз 
vary with the pressure rario? What is the optimum pressure ratio? 

For an air standard Otto сусіс with fixed intake and maximum temperatures, T, 
and Ту, Пой Іле compression ratio thal renders the net work per cycle a maximum, 
Benve the expression for cycle efficiency at this compression ratin. 

if the air intake temperature. Гү, 15 300 K and the maximum cycle temperature, 
Т,. 13 1200 K, compute the compression ratio for maximum net work, maximum 
work ори pec kg ina cycle, and the corresponding cycle efficiency. 


13.47 


13.48 


Gas Power Cyrles —— 579 


А regenerative pas turbine with intercooling and reheat operates at steady state. 
A enters the compressor at 100 kPa, 300 К with з mass [ow rate of 5.807 kgs. 
The pressure rato across the two-stage compressor өз well ag the turbine 15 10. 
The intercooler and reheater each operate at 300 kPa. Ai the inlets to the turbine 
stages, the temperature 15 1400 Қ. The temperature at iniet to the second 
compressor stage is J00 K The efficiency of each compressor and turbine siage 
15 80%. The regenerator effectiveness ts 80%. Determine {а} the thermal 
efficiency, (b) the back work ratio, Pyy Wy, (c) the net power developed, 
Ans. (а) 0.443, (b) 0,454, (c) 2046 KW 
[n а regenerative gas turbine power plant air enters the compressor ai | bar, 27°C 
and is compressed to 4 bar, The isentropic efficiency of the compressor is 80% 
and the regenerator effectiveness is 90%. All of ihe power developed by ihe h.p. 
turbine 15 used to drive the compressor and the ].р. turbine provides the net power 
output of 97 kW. Each turbine has ап wentropic efficiency of 87% and the 
emperaire at mlet 1o the б.р. turbine is 1200 K Determine (3) the mass flow 
rate of air into the compressor, (b) the thermal efficiency, {с} Һе lemperature of 
the air ai the exit of the regenerator. 
Ans. (a) 0.562 kgs (b) 0.432, (с) $23.2 К 
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Refrigeration Cycles 


14.1 Refrigeration by Non-Cyclic Processes 


Refrigeration is the cooling ofa system below the temperature of its surroundings. 

The melting of ice or snow was one of the earliest methods of refrigeration and 
is still employed. Ice melts at 0°C. So when ісе is placed in a given space warmer 
than 09С, heat flows into the ice and the space is cooled or refrigerated. The latent 
heat of fusion of ice is supplied from the surroundings. and the ice changes its 
state from solid to liquid. 

Another medium of refrigeration is solid carbon dioxide or dry ice. At 
atmospheric pressure CO, cannot exist in а liquid state, and consequently, when 
solid CO, is exposed to atmosphere, it sublimates, i.e.. it goes directly from solid 
to vapour, by absorbing the latent heat of sublimation (620 kJ/kg at І atm, 
= 78.5"C) from the surroundings (Fig. 14.1). Thus dry ice is suitable for low 
temperature refrigeration. 


Бел 73 aim 
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5 к Dy = 5,11 alm 
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Fig. 14.1 Гу diagram of CO, 
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In these two examples it is observed that the refrigeration effect has been 
accomplished Ву non-cyclic processes. Of greater importance, however, are the 
methods in which the cooling substance is not consumed and discarded, but used 
again and again in a thermodynamic cycle. 


14.2 Reversed Heat Engine Cycle 


A reversed heat engine cycle, as ex- 
plained іп Sec. 6.12, 15 visualized as an 
engine operating in the reverse way, 
i.c., receiving heat from a low tempera- 
ture region, discharging heat to a high 
temperature region, and receiving a net 
inflow of work (Fig. 14.2). Under such с 
conditions the cycle is called a feat 

pump cycle ora refrigeration cycle 72 
(see Sec. 6.6). For a heat pump 


Fig. 14.2 Кесені heat engine cycle 


СОРЫ, = Е = Op _ 


and for а refrigerator 


The working fluid in a refrigeration cycle 15 called a refrigerant. In the 
reversed Carnot cycle (Fig. 14.3), the refrigerant is first compressed reversibly 
and adiabatically in process 1-2 where the work input per kg of refrigerant is Я”, 
then it 15 condensed reversibly in process 2-3 where the heat rejection is Q,, the 
refrigerant then expands reversibly and adiabatically in process 3-4 where the 
work output is Wp, and finally it absorbs heat Q, reversibly by evaporation from 
the surroundings in process 4-1. 


| Expansion | AT 
‚| engine 
T 


+ 4^ Evapormor rb 
Gy 
(а) 


Fig. 14.3 Reversed carnot сус 


a1 
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Here Q = Л (5; 33), Oy = T; (5 — 54) 

and Woe = Жс He = В, - 22 = (7) - T) (s - 54) 
where T, is the temperature of heat rejection and Г, the temperature af heat . 
absorption. 


Т, 
(COP д = з тт 
1 4 
Т 
апа (COP, p, = M = = = (14.1) 
1 


As shown in Sec. 6.16, these are the maximum values for any refrigerator or 
heat pump operating between T, and T. И is important to note that for the same 
T, ог Т, the COP increases with the decrease in the temperature difference 
(T, - Г), 1,е., the closer the temperatures T, and Г,, the higher the СОР. 
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Jn an actual vapour refrigeration cycle, an expansion engine, as shown in 
Fig. 14.3, is not used, since power recovery is small and does not justify the cost 
of thc engine. A throtiling valve or a capillary tube is used for expansion іп 
reducing the pressure from p, to p- The basic operations involved in a vapour 
compression refrigeration plant are illustrated in the flow diagram, Fig. 14.4, and 
the property diagrams, Fig. 14.5. 


Condenser 


Fig. 144 Fepour comprearon refrigeration blani-fom diagram 


The operations represented аге as follows for an tdealized plant: 


1. Compression А reversible adiabatic process 1-2 ог 17-2” either starting with 
saturated vapour (state 1), called dry compression, or starting with wet vapour 
(state 17), called wet compression. Dry compression (1-2) 15 always preferred to 
wet compression (17-27), because with wet compression there is a danger of the 
liquid refrigerant being trapped in the head of the cylinder by the rising piston 
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Fig. 14.5 Vapour compression refrigeration cycle—property diagrams 


which may damage the valves or the cylinder head, and the droplets of liquid 
refrigerant may wash away the lubricating oil from the walls of rhe cylinder, thus 
accelerating wear, 


2. Cooling and Condensing A reversible constant pressure process, 2-3, 
first desuperheated and then condensed, ending with saturated liquid. Heat Q, is 
transferred out. 


3. Expansion An adiabatic throttling process 3-4, for which enthalpy remains 
unchanged. States 3 and 4 are equilibrium points. Process 3-4 is adiabatic (then 
only Я; = А, by §.F.E.E.), but not isentropic. 


Tds = dh — vdp, or s, — s, --|# 
P 


Hence it is urevarsible and cannot be shown in property diagrams. Slates 3 and 4 
have simply been joined by a dotted line. 


4. Еуарогайоп А consliant pressure reversible process, 4-1, which completes 
the cycle. The refrigerant is throttled by the expansion valve Lo a pressure, the 
Saturation temperature at this pressure being below the temperature of the 
surroundings. Heat then flows, by virtue of temperature difference, from the 
surroundings, which gets cooled or refrigerated, to the refrigerant, which then 
evaporates, absorbing the heat of evaporation. The evaporator thus produces the 
cooling or the refrigerating effect, absorbing heat (2, from the surroundings by 
evaporation. 

In refrigeration practice, enthalpy is the most sought-afler property. The 
diagram in p-A coordinates is found lo be the most convenient. The constant 
property lines in ihe р-й diagram are shown in Fig. 14.6, and the vapour 
compression cycle in Fig. 14.7. 


14.3.1 Performance and Capacity cf a Vapour 
Compression Plant 


Figure 14.8 shows the simplified diagram of a vapour compression refrigeration 
plant. 
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Fig. 14.8 Vapour compression plani 


When steady state has been reached, for 1 kg flow of cefrigerant through the 
cycle, the steady flow energy equations (neglecting К.Е. and Р.Е. changes) may 
be written for each of the components tn the cycle as given below. 

Compressor 
Ay + Wo, 
г. Ж. = (hy — һу} kJ/kg 
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W. = (р, - Ау) kJ/s 
14.3.2 Actual Vapour Compression Cycle 


In order to ascertain that there is по dropiet of liquid refrigerant being carried 
over into the compressor, some superheating of vapour is recommended after the 
evaporator. 

А small degree of subcooling of the liquid refrigerant afler the condenser is 
also nsed to reduce the mass of vapour formed during expansion, so that ioo many 
vapour bubbles do not impede the [low of liquid refrigerant through the expansión 
valve. 

Bath the superheating of vapour at the evaporator outlet and the subceeling of 
liquid at Ше condenser outlet coninbute to an increase in the refnigerating e (Тест, 
as shown in Fig. 14.9. The compressor discharge temperature, however, 
increases, due to superheat, from Г, to A, and the load on the condenser also 
Increases. 


Degree of subcooling 
c.p. 


SUN 
í ЧЕН ogres of superheat 


— h 


Fig. 14.9 — Superheaí and subeooling in а vapour compression cycle 


Sometimes, а liquid-line heat exchanger is used іп the plant, as shown in 
Fig. 14.10. The liguid is suhcooled in Ше heat exchanger, reducing the load on the 
condenser and improving the COP. For 1 kg flow 


О. = he ~ fs, у= А ~ Б 
W_=h,— A, and A, - kh; = А, – Ay 


14,33 Components in а Vapour Compression Plant 


Condenser {trmast desuperheat and then condense the compressed refrigerant. 
Condensers may be either air-cooled or water-cooled. An air-cooled condenser is 
used m small self-contained units. Water-cooled condensers are used in larger 
installations. 


Expansion device li reduces the pressure of the refrigerant, and also regulates 
the flow of the refrigerant to ihe evaporator. Twn widely used types of expansion 
devices are: capillary tubes and thronle valves (thermostatic expansion valves). 
Capillary tubes are used only for small units. Once the size and length are fixed, 
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the evaporator pressure, etc., gets fixed. No modification in operating conditions 
is possible. Throttle valves are used in larger units. These regulate the Dow of the 
refrigerant according to the load on the evaporator. 


Compressor Compressors may be of three types: (a) reciprocating, (b) rotary, 
and (c) centrifugal. When the volume flow rate of the refrigerant is large, 
centrifugal compressors are used, Rotary compressors нге used for small units. 
Reciprocating compressors are used in plants up to 100 tonnes capacity, For 
plants of higher capacities, centrifugal! compressors are employed. 


Q1 
Фа отын 
Suction line [_ = 


heat exchanger ^^ м 


| | 
14 eH’ 
a We 
Expansion TARA 
valve “ pe Compressor 
Evaporator 


(в) | (b) 
Fig. 14.10 — Vapour compression cycle with a tuction-lins heat exchanger 


In reciprocating compressors, which may be single-cylinder or multi-cylinder 
ones, because of clearance, leakage past the piston and valves, and throttling 
effects at the suction and discharge valves, the actual volume of gas drawn into 
the cylinder ts Jess than the volume displaced by the piston. This is accounted for 


iq the term volumerric efficiency, which is defined as 
"We Actual volume of gas drawn at evaporator pressure and temperature 
vol Piston displacement 


^. Volume of gas handled by the campressor 


= w-U(m!/s)- (Zorn) X Hoot 
where w 15 the refrigerant flow rate, 
v, is the specific volume of the refrigerant at the compressor inlet, 
D and L are the diameter and stroke of the compressor, 
л 15 the number of cylinders in the compressor, and 
A is the r.p.m. 
The ciearance volumetric efficiency 13 piven by Eq. (10.72) 


l/n 
hol = iec-d A) 
Р 


where C i5 the clearance. 


Evaporaior А commou type nf evaporator is a coil brazed on to a plate, called 
a plate evaporator. In a “flooded cvaporator' the coil is filled oniy with a liquid 
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refrigerant. In an indirect expansion coil, water (up to 0"C) or brine 
(for temperatures between 0 and – 21°C) may be chilled in the evaporator, and 
the chilled water or brine may then be used to cool some other medium. 


14.3.4 Multistage Vapour Compression Syrlems 


For a given condensation temperature, the lower the evaporator temperature, the 
higher becomes the согаргеззог pressure ratio. For a reciprocating compressor, а 
high pressure ratio across a single siage means low volumetric efficiency. Also, 
with dry compression the high pressure ratio results in high compressor discharge 
temperature which may damage the refrigerant To reduce the work of 
compression and improve the COP, nmitistage compression with intercooling may 
be adopted. Since the intercooler temperature may be below the temperature of 
available cooling water used for the condenser, the refrigerant itself may be used 
ав the intercooling medium. Figure 14.11 shows а two-slage compression system 
with a direct contact heat exchanger. 

As shown in Sec. 10.4, for minimum work, the intercooler pressure p, 15 the 
geometric mean of the evaporator and condenser pressures, p, and p», от 


Рі = 41-р 
Ву making an energy balance о the direct contact heat exchanger, 
тай; + МА = тәй + түй; 
h h-hh 
т, hy — Ay 
The desired refrigerating effect determines the flow rate in the low pressure 


юар, 772, ав given below 
14000 


mih — Ap} = x Р 
№) = 600 
where 2 ig the capacity, in tonnes of refrigeration. 
т. = 3.89 P kg/s 
A, — Ay 


Figure 14.12 shows a two-stage vapour compression system witb a flash 
chamber intercooler, where the vapour from the flash chamber (state 9) mixes 
with the vapour from the LP compressor (stele 2) 10 form vapour at state 3, which 
eoters the HP compressor. 


14.3.5 Refrigerants 


The most widely used refrigerants now-a-days are в group of halogenated 
hydrocarbons, or chlorofluorocarbens (CFCs) marketed under the various 
proprietary names of freon, genetron, arcton, isotron, frigen, and, so an. These are 
either methane-based or ethane-based, where the hydrogen atoms are replaced Бу 
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Fig. 14.12 Tino-rtage vapour compression rystem with a flash iniercocisr 


third digit indicates the number of fluarine atoms, all other atoms in the 
hydrocarbon being chlorine. For example, R-110 is С-СІ,, R-113 is С-СЫҒ;, 
R-142 is C;H4CIF,, and so on. The use of these refrigerants 15 now discouraged, 
since these, being largely insoluble in water, move up, react with ozone in the 
ozone layer (which protects the earth from pernicious ultraviolet rays, and deplete 
it. 

It was realized in mid-seventies that the CFCs not only allow more ultraviolet 
radiation into the enrth's atmosphere, but also prevent the infrared radiation from 
escaping the earth to outer space, which contributes to the greenhouse effect and 
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hence, global warming. Аз а result, the use of some CFCs is banned (by Montreal 
Protocol, 1987) and phased out in many countries. Fully halogenated CFCs (such 
as R-11, R-12 and R-115) do the most damage to the ozone layer. The partially 
halogenated refrigerants such as R-22 have about 5% of the ozone depleting 
potential (ODP) of R-12. CFCs, friendly to the ozone layer that protects the earth 
from ultraviolet rays and which do not contribute to the greenhouse effect are 
being developed. The chlorine free R-134a, a recent finding, is presently 
replacing R-12, the most widely used refrigerant, particularly in domestic 
refrigerators and [reezers and automotive air conditioners. 

Two important parameters that need to be considered in the selection of a 
refrigerant are the temperatures of the two media (the refrigerated space and the 
environment), with which the refrigerant exchanges heat. To have reasonable heat 
transfer rate, a temperature difference of 5 to 10°C should be maintained between 
the refrigerant and the medium. Ifa space is to be maintained at —10°C, e.g. the 
refngerant should evaporate at about – 20°C (Fig. 14.13), the saturation pressure 
at which should be above atmospheric pressure to prevent any air leakage into the 
system. Again, the temperature of the refrigerant in the condenser should be above 
the cooling medium by about 10°C, as shown in the figure, the saturation pressure 
at which must be below the critical pressure of the refrigerant. If a single 
refrigeraut cannot meet the temperature requirements (—209C to 50°С range), two 
cycles with two different refrigerants can be used in series (Fig. 14.14), Such a 
coupled cycle makes a cascade refrigeration svstem. 

Other desirable characteristics of a refrigerant are that it should be nontoxic, 
noncorrosive, nonflammable, and chemically stable, should have a large enthalpy 
of vaporization to minimize the mass flow, and should be available at law cost. 


j Fig. 14.13 
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Ammonia is widely used in food refrigeration facilities such as the cooling of 
fresh fruils, vegetables, meat and fish, refrigeration of beverages and dairy 
products such as beer, wine, milk and cheese, freezing of ice cream and ice 
production, low temperature refrigeration in the pharmaceutical and other process 
industries. The advantages of ammonia are its low cost, bigher COPs and thus 
lower energy costs, greater detectability in the event of a leak, no elfect on the 
ozone layer, and inore favourable thermodynamic and transport properties and 
thus higher heat transfer coefficients requiring amalier and lower cost heat 
exchangers. Тһе major drawback of ammonia is its toxicity which makes it 
unsuitable for domestic use. 

Other fluids used as refrigerants are sulphur dioxide, methyl chloride, ethyl 
chloride, hydrocarbons like propane, butane, ethane, ethylene, etc. carbon 
dioxide, air and water. 


14.4 Absorption Refrigeration Cycle 


The absorption refrigeration system 15 а heat operated unit which uses а 
refrigerunt that is alternately absorbed and liberaied from the absorbent. In the 
basic absorption system, the compressor in the vapour compression cycle is 
replaced Бу an absorber-generator assembly involving less mechanical work. 
Figure 14.15 gives the basic absorption refrigeration cycle, in which ammonia is 
the refrigerant and water is the absorbent. This is known as the aqua-ammonia 
absorption system. 

Ammonia vapaur is vigorously absorbed in water. So when low-pressure 
ammonia vapour from the evaporator comes in contact in the absorber with ihe 
weak solution (ihe concentration of ammonia in water is low) coming from ihe 
generator, it is readily absorbed, releasing the latent heat of condensatinn. The 
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Fig. 14.15 Vapour absorption refrigeration piant-flow diagrar 
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The final reduction in the percentage of water vapour in the ammonia going to 
the condenser occurs in the rectifier which is a water-cooled heat exchanger 
which condenses water vapour and returns it to the generator through the dnp 
line, as shown in Fig. 14.16. The use of a suction-line heat exchanger is to reduce 
Q, and increase Ор, thus achieving a double benefit. In the absorber the weak 
solution is sprayed to expose a larger surface area so as to accelerate the rate of 
absorption of ammonia vapour. 

There is another absorption refrigeration system, namely, lithium bromide- 
water vapour absorption (Fig. 14.17). Here the refrigerant is water and the 
absorbent is the solution of lithium bromide salt in water. Since water cannot be 
cooled below 0°С, it can be used as a refrigerant in air conditioning units. Lithium 
bromide solution has a strong affinity for water vapour because of its very low 
vapour pressure. It absorbs water vapour as fast as it is released in the evaporator. 
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Fig. 14.17 Lithium bromide-mater absorption refrigeration plani 


While the vapour compression refrigeration system requires the expenditure of 
‘high-grade’ energy in the form of shaft work to drive the compressor with the 
concommitant disadvantage of vibration and noise, the absorption refrigeration 
system requires only ‘low-grade’ energy in the form of heat to drive it, and it is 
relatively silent in operation and subject to little wear. Although the COP = 
О! Ос is low, the absorption units are usually built when waste heat is availabl 
and they are built in relatively bigger sizes. One current application of 
absorption system that may grow in importance is the utilization of solar € 
for the generator heat source of a refrigerator for food preservation and * 
for comfort cooling. 
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Fig. 14.22 Ga: refrigeration cycle 


compression system are here cailed the cooler and refrigerator respectively. Тһе 
COP of the refngeration cycle, assuming the gas to be ideal, is grven by 


COP = 0, = A, — №; 
Ға (#,-А)—(А,—Л,) 
е 1-1 = 1-1, 
(5-1)-(5-1)) (%-Е[5- | 
1 T, 
For isentropic compression and expansion 
q- IFY 
D -(2.| -h 
1 АР 1; 
с СОР = se 2h 
(Т -1{ 2-1) go 
T, 
Also СО (1 


Ü-ÀyY 
БАЕ 
Р) 


where p, is the pressure аЙет compression and p, is the press 
compression. , 
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and the energy balance gives 
тй, = түй; = (т - my = 0 
mh, — А) – (А, – Ку) = 0 


= "№№ 
r m А, — A 
^ Y= - (14.6) 
7 


No yield is thus possible unless A, is greater than й-. The energy balance for 
the compressor gives 


mh t W.- mh, tO, 
where Ор is the heat loss to the surroundings from the compressor 


LA = Tis — 52) (у — Аз) 
т 


This is the minimum work requirement. 


Specific work consumption, W 
W и _ И 1 А-А 
cxt TRS, -5)- -№)] 


mom МУ А-А, 


14.7.2 Claude System of Air Liquefaction 


in the Claude system, energy 15 removed from the gas stream by allowing it to do 
some work m an expander. The flow and 7-5 diagrams are given in Fig. 14.25. 

The gas ts firsi compressed to pressures of about 40 atm and then passed 
through the first heat exchanger. Approximately 80% of the gas is then diverted 
from ihe main stream, expanded through an expander, and reunited with the retum 
stream below the second heat exchanger. The stream to be liquefied continues 
through the second and third heat exchangers, and is finally expanded through an 
expansion valve to the liquid receiver. The cold vapour from the liquid receiver is 
retumed through the heat exchangers to cool the incoming gas. 

The yield and the specific work consumption may be computed by making the 
mass and energy balance as in the Linde-Hampson system. 


14.8 Production of Solid Ice 


Dry ice 15 used for low temperature refrigeration, such ая to preserve ice-cream 
aod other perishables. The property diagram of СО, on ће p-A coordinates is 
given in Fig. 14.26. The schematic diagram of producing solid СО, and the 
corresponding р-й diagram are shown in Figs 14.27 and 14.28 respectively. 
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Fig. 14.28 Refrigeration cycle of а dry ice plant on p-h plot 
SOLVED EXAMPLES | 


Example 14.) А cold storage is to be maintained at —5°C while the 
surroundings are at 35°C. The heat leakage from the surroundinps into the cold 
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storage is estimated to be 29 kW. The actual COP of the refrigeration plant used 
is one-third that of an ideal plant working between the same temperatures. Find 


the power required (in kW) to drive the 


plant. | Surourdings —— 
Solution | Е сув. | 
т 1 
СОР (ideal) = — — Art бя RW 
1-Т, ог 
268 ^ БЕРГЕН 
x AF | wW 
308 — 268 
65 Ола 
2. Actual COP = 1/2 x 6.7 
Cold storage | 
-22-@ с OK 
р ired to drive the plant кенін 
г. Power required to drive the plan Fig. Ex.14.1 
(Fig. Ex. 14.1) " 
223 223 
=13kW Ans 


Example 14.2 A refrigerator uses 

R-134a as the working fluid and 

operates оп ай ideal vapour 

campression cycle between 0.14 MPa ае) 

and 0.8 MPa. If the mass flow rate of n 0.8 MPa 

the refrigerant is 0,06 kg/s, determine 3 2 
(а) the rate of heat removal from фе 

refrigerated space, (b) the power input 

to the compressor, (c) the heet rejection 


rate in the condenser, and (d) the COP. / 4 | 1 


Sefution From the R-134a tables, h 
the enthalpies at the four states 
(Fig. Ex. 14.2) are: Fig. Ех.14.2 
A, = 236.04 kJ/kg 
51 = 0.9322 Ла K = 5, 
For р» = 0.8 MPa, 5, = 0.9322 КЕК, 
Ay = 272.05 kJ/kg, A, = А, = 93.42 Шр 
О, = 0.06 (236.04 – 93.42) = 8.56 kW Ans. (а) 


Ж. = 0.06 (272.05 - 236.04) = 2.16 kW Ans.({b} 
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Heat rejected to the condenser = wA, – 7) 
= 0.18 (209.41 — 74.59) 
= 24,27 kW Ans. (е) 
ha = Ag+ хай, = 26.87 + хх 156,31 = 74.59 


x= 47.72 =0.305 


156.31 
Flash pas percentage = 30.5% Ans. (f) 
Cop = А — A, _ 18319 - 74,59 


h,—h,  209.41- 183.19 


108.60 
= = 4.14 Ans. 
2622 № (8) 
Power required to drive Ше compressor 

= wh, — Ву) = 0.18 x 26.22 = 4.72 kW Ans. h) 

; Т, 263 

COP (Reversible) = ——À— = —— = 5.26 
71-57% 


COP(Vap.Comp.cycle) _ 4.14 _ 0.787 
COP(Camot cycle} 526 


Example 14.4 А Refrigerant-12 vapour compression plant producing 10 
ionnes of refrigeration operates with condensing and evaporating temperatures of 
35°C and – 10°C respectively. A suction line heat exchanger is used to subcool 
ihe saturated liquid leaving the condenser. Saturated vapour leaving the 
evaporator 15 superheated in the suction line heat exchanger to the extent that a 
discharge temperature of 60°C is oblained aller isentropic compression. 
Determine (в) the subcooling achieved in the heat exchanger, (b) the refrigerant 
flow rate in kgs, (c) the cylinder dimensions of the two-cyitnder compressor, if 
the speed 15 900 rpm, stroke-to-bore ratio is 1.1, and the volumetric efficiency is 
(Ба, (d) the COP of the plant, and (e} the power required to drive the compressor 
in kW. 

Soiuhon From the p-A chart of R-12, the property values at the states, as shown 
in Fig. Ex. 14.4, 


Ans. 


h, = 882, A, = 1034 

hg = 998, h, = 1008 kJ/kg 

v, = 0.084 m"/kg 

h,- Å= h -Ag 
£82 — A, = 1008 — 998 = 10 
ha = B72 kJ/kg 
. (= 25°С 

So 10°C subcooling is achieved in the heat exchanger. Refrigeration effect 
=A, — As = 998 – 872 = 126 kJ/kg Ans. (a) 
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Refrigerant flow rate = 17514000 = 1110 kg/h Ans. (b) 


= 0.31 kg/s 
Volume flow rate = w- p= 1110 x 0.084 = 93 m?/h 


— 


Compressor displacement = - = 116 m?/h = 1.94 m/min 
This is equal to ар LNn 


where D= diameter 


L = stroke 
N = mpm 


n = number of cylinders of the compressor. 


D x LED x 900 x 2 = 1.94 m/min 


D! = 1250 cm? 
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Я. = #1 (5; - М) (А, — з) 
== 0.0954 x 169 + 0.124 x 184.6 = 16.19 + 22.89 


= 39.08 kW 
39.08 
Single stage 
A, = 1404.6 Я, = 1805.1 
А, = 471,7 = А, 
ш---20Х3870 1167 
1404,5- 3717 1032.9 
= 0.113 kgs 
W. = mih, – h) = 0.113 x 400.5 
= 45,26 kW 
116.7 
КА СОР = ——- = 2.579 
45.26 
Increase in work of compression (for single suge) 
= 45.26 - 3998 5. 100 = 15.81% 
39,08 
Increase in COP for 2-stage compression 
2.986 ~ 2.578 
= ——————х {00 = 19,82% 
2578 


Example 146 in ao aqua-ammonia absorption refrigerator system, heat is 
supplied to the generator by condensing steam at 0.2 MPa, 90% quality, The 
temperature to be maintained im the refrigerator 15 ~ 10°С, and the ambient 
temperature is 30°C. Estimate the maximum COP of the refrigerater. 

If the actual COP is 40% of the maximum COP and the refngeration load is 20 
tonnes, what wil! the required steam flow rate be? 
Solution At 0.2 MPa, from the steam rable (Fig. Ex. 14.6) 

ы = 120.29С, hp, = 2201.9 КІЛ 


The maximum COP of the absorption refrigeration system is given by 
Eq. (14.4) | 
- 4 - OI: 
Chic т тут, 
where Г, = generalor lemperature 
= 120.2 + 273 = 393.2 К 
Г, = condenser and absorber temperature 
= 30 + 273 = 303 К 
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pressure before re-entering the compressor which is driven by the turbine. 
Assuming air to be an ideal gas, determine the COP of the refrigerator, the driving 


power required, and the air mass flow rate, 
Solution Given: (Fig. Ex. 14.7) 
T, =277 K, Г. =273 + 55 = 328K 


(¥ = IFY 
Tn [A 
f, P 


T, = 277(3)""" 4 = 379 К 
T,,-T,= 102K 


= = 1413 К 


(Y - 1p 
Т, (2) ! 
1, РІ 


^ Т, 7328314 = 328 = ок 


1.368 
T,-7,-788K 
T, —T, = 0.78 x ВВ = 68.6 К. 
Т, =259.4K 


Refrigerating effect = c(7, — T4) = 17.6c, kJ/kg 
Net work input = c,[(T, — Ту) - (T4 - Г.)] 
= yf 141.8 - 68.6] = 73,22, ЈАКЕ 


Driving power required 
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14.28 


14.29 
14.30 
14.31 
14.32 
14.33 


14.34 


14.35 


How сап à heat pump be used for (a) space heating (b) year-round air 
conditioning? 

How is a reversed Brayton cycle used for refrigeration? 

Why is Бе COP of a gas cycle refngeration system low? 

Why 13 gas cycle refrigeration preferred in aircraft? 

What is the principle of the Linde-Hampsan system for liquefaction of ап? 
Derive the expressions of liquid yield and the minimum work requirement Ш а 
Linde-Hampson system. 

How does Claude cycle differ from a Linde-Hampsen cycle in the context of the 
liquefaction of ait. 

With the help of flow and p-À diagrams, explam how dry ice is produced. 


PROBLEMS 


[4.1 


142 


14.3 


TE 


14 5 


А refngerator using R-134c operates оп an ideal vapour compression cycle 
between 0.12 and 0.7 MPs. The mass flow of refrigerant is 0.05 kgs. Determine 
(a) the rate of heat removal fram the refrigerated apace, (b) the power input to the 
compressor, (c) the rate of heat rejection to the environment, and id) the СОР. 
Ans. (3) 7.35 kW, (b) 1.85 KW, (c) 9.20 kW, (13:97 
А Reirigerant-I2 vapour compression cycle has в refrigeretion load of 3 tonnes. 
The evaporator and condenser temperatures are — 20°С and ЖС respectively. 
Find (a) the refrigerant flow rate іп kg/s, (b) the volume flow rate handed by the 
compressor in m’/s, (c) the work input to the compressor in kW, (d) the heat 
rejected in the condenser in KW, and (e) the isentropic discharge temperature. 
If there is 5 C deg, of supetheating of vapour before it enters the compressor, 
and 5 C deg. subcooling of liquid before и flows through the expansion valve, 
determine the above quanttics. 
А 5 tonne R-12 plam maintains a cold store а1- 15°C. The refrigerant flow rate 
is 0.133 kg/s. The vapour leaves the evaporator with 5 C deg. superheat. Cooling 
жаш is available in plenty at 25°C. А suction line heat exchanger subcools ihe 
refngerant before throtUing. Find (а) the compressor discharge temperature, (b) 
the COP, (c) che amount of subeooling in C deg., and (d) the cylinder dimensions 
of the compressor, i£ ihe speed is 900 rpm, strpke-to-bore ratio 14 1,2, and 
volumetric efficiency is 95%, 
Aliow approximately 5°C temperature difference in the evaporator and 
condenser. 
Ans. (а) 66°C, (b) 4.1 (с) 125°C, (d) 104.5 пут, 125 mm 
А vapour compression refrigeration system uses R-12 and operates bevween 
pressure limits of 0.745 and 0.15 MPa. The vapour entermg the compressor has в 
temperature of — 10°C and the liquid leaving the condenser is at 28°C. А 
refrigerating load of 2 kW is required. Determine the COP and the swept volume 
af the compressor if it has a volumetric efficiency of 76% and runs at 600 rpm. 
Ans. 4.15, 243 cm? 
A food-freezing system requires 20 tonnes of refrigerntion at an evaporator 
temperature of — 35°С and a condenser temperature of 24°C, The refrigerant, 
R-12, is subeooled 4°C before entering the expansion valve, and the vapour 15 
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54.14 


4,15 


14.16 


14.17 


14,18 


14,19 


14.20 


А heat pump is іо use ап R-12 cycie to operate between outdoor air at – 1°C and 
air іп а demeslic heating system at 40°C. The temperature difference in the 
evaporator and the condenser is 8°C. The compressor efficiency is 80%, and the 
compression begins with saturated vapour. The expansion begins with saturated 
liquid. The combined efficiency of the motor and belt drive is 75%. Ifthe required 
heat supply to the warm air is 43.6 kW, what will be ihe electrical load in kW? 
An ideal (Camot) cefrigeration system operates between the temperature limits 
of — 30°C and 25°С, Find the ideal COP and the power required from an external 
source 10 absorb 3,89 EW at low temperature. 

If the system operates as а beat pump, determine the COP and the power required 
to discharge 3.89 kW st high terperanure. 

Ап ammonia-absorplion system has an evaporator temperature of — 12°C and a 
condenser temperature af 50°С, The generator temperature is [50°C. [n this 
cycle, 0,42 kJ is transferred to the ammonia in the evaporator For cach kJ 
transferred to ihe ammonia solution in the generator from the high temperature 
SOLUTE, 

It is desired to compare the performance of this cycle with the performance of a 
similar vapour compression cycle. For this, it is assumed that a reservoir is 
aveilable at 150°C, and that heat із rremsferred From this reservoir to a reversible 
engine which rejects heat to ine surroundings at 23°C. This work is then used to 
drive an idea) vapour compression system with armenia as the refrigerant. 
Compare the amount of refrigerstion that сап be achieved per kJ irom the high 
temperature source im this case with the 0.42 kJ that can be achieved in the 
absorption aysiom. 

An R-12 plant is to cool milk from 30°C to IPC involving a refrigeration capacity 
of 10 tonnes. Cooling water for the condenser is available at 25°C and a 5 C deg. 
rise in its weimperature is allowable. Determine the suitable condensing and 
evaporating temperatures, providing a minimum of 4 C deg. differential, and 
calculate ihe theoreucal power required in ҮРУ and the cooling water requirement 
in kgs. Also, find the percentage of Mash gas at che end of the throttiing. Assume 
a 2 C deg. subcooling m ihe liquid refrigerant leaving the condenser. 

The following data pertain to an air cycle refrigeration system for an aircrafi: 
Capacity 5 tonnes 

Cabin air inlet temperature |327 and outlet temperature 25°C 

Pressure ratio across the compressor 5 

The aircraft is fying at 0.278 km's where the ambient conditions are 0"C and 
80 kPa. Find the COP and the cooling effectiveness of the heat exchanger. The 
cabin is at 0.1 MPa, and the cooling turbine powers the circulating fans. 

A water cooler supplies chilled water at 7°C when water is supplied to it at 27°C 
ata rate of 0,7 Tures/min., while the power consumed amounts to 200 waus. 
Compare the COP of this refrigeration plant with that of the ideal refrigeration 
cycle fot а simular sitnatiarn. 

А re[rigerating plant of 8 Lonnes capacity has an evaporation temperature of 
~ R*C. and condenser temperature of 30°C. The refrigerant, R-12, is subcooled 
5°С before entering the expansion valve and the vapour 15 superheated 6°C before 
leaving the evaporator coii. The compression of the refrigerant is isentropic. ЇЇ 
there is a suction pressure drop of 20 kPa through the valves, and discharge 
pressure drop of 10 kPa through the valves, deveimine the СОР of the plant, 


— 


Psychrometrics 


The properties of the mixtures of ideal gases were presented in Chapter 10. The 
name 'psychrometrics' is given to the study of the properties of airwater vapour 
. mixtures. Atmospheric air is considered to be a mixture of dry air and water 
vapour. The control of moisture (or water vapour) content in the atmosphere is 
essential for the satisfactory operation of many processes involving Aygroscopic 
materials like paper and textiles, and 1s important in comfort air conditioning. 


15.1 Properties of Atmospheric Air 


Dry air is a mechanical mixture of the gases: oxygen, nitrogen, carbon dioxide, 
hydrogen, argon, neon, krypton, heliurn, ozone, and xenon. However, oxygen and 
nitrogen make up the major part of the combination. Dry air is considered to 
consist of 21% oxygen and 79% nitrogen by volume, and 23% oxygen and 77% 
nitrogen by mass. Completely dry air does riot exist in nature. Water vapour in 
varying amounts is diffused through it. If p, апар, are the partial pressures of dry 
air and water vapour respectively, then by Dalton's law of partial pressures 

Pat Pa =P 
where p is the atmospheric pressure. 
^. Mole-fraction of dry air, x, 


= =p, (^ р= 1 ат.) 
р 
and mole fraction of waler vapour, х, 
р 


Since py is very small, the saturation temperature of water vapour at p, is less 
than atmospheric temperature, ftm (Fig. 15.1). 50 the water vapour in air exists in 
the superheated state, and air is said to be unsaturated. 


M 
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— $ 
Fig. 15.1 Maier of water vapour in mixture 


Relative humidity (K.H., $) is defined as the ratio of partial pressure of water 
vapour, py in a mixture to the saturation pressure, р,, of pure water, at the same 
temperature of the mixture (Fig. 15.1) 


^ R.H.(9) = Ex 
a 
Н water is injected into unsatumted air in à container, water will evaporate, 
which will increase the moisture content of the air, and p, will increase. This will 
continue till air becomes saturated at that temperature, and there will be по more 
evaporation of water, For saturated air, the relative humidity is 100%. Assuming 
water vapour as an ideal gas 


p, V = my Riot т, RT 
and Р, = т, КноГ= п, ЕТ 
where F is the volume and 7 the temperature of air, the subscripts w and + 
indicating the unsaturated and saturated states of air respectively. 


ф= fe = M, 
Р; т, 
mass of water vapour (л а given: 
- volume of air at temperature 7 
mass of water vapour when the same volume 
af air ts saturated at temperature T 


Hu Х, 
п, 5 ay 
Specific humidity or humidity ratio, W, 15 defined as the mass of water vapour 
(ot moisture) per umt mass of dry air in a mixture of air and water vapour. 
If С = mass of dry air 
т = mass of water vapour 


= = 
G 


Prychrometrics -= 619 
Specitic humidity is the maximum when air 13 saturated at temperature Т, ог 
т 
Hows т 


Lf dry air and water vapour behave as ideal gases 


ya Pw Rol Ры 3143/2896 


G p К р-р, 8.3143/18 
ae W = 0.622 —,— (15.1) 


where p, is the atmospheric pressure. if p, is constant, W remains constant, 
If air is saturated at temperature T 


W = W. = 0.622 fu 
Р-Р 
where p, 13 the saturation pressure of water vapour at temperature T. 
The degree of saturation, |1,15 the ratio of the actual specific humidity and the 
saturated specific humidity, both at the same temperature 7. 


y 02-2 
. u- - p- Pu 
: 0.622 28. 
РР, 

— Pw PO Ps 

P PT В, 


ІҒ ф = fe -0,р,-О,л,-0, = 0, Le. for Шуап,ш-0 
Б; 


If 9 = 100%, p, -p, W-W, w= | 


Therefore, Н varies berveen 0 and 1. 

На mixture of air and superheated (or unsaturated) water vapour is cooled at 
constant pressure, the partial pressure of each constituent remains constant until 
the water vapour reaches tlie saturated state. Further cooling causes condensntion. 
The temperarure at which water vapour starts condensing is called the dew point 
femperature, tap of the mixture (Fig. 15.1). It is equal to the saturation 
temperature at the partial pressure, р of lhe water vapour in the mixture. 

Dry buib temperature (dbt) is the temperature recorded by the thermometer 
with a dry butb. 

Wet bulb temperarure (wbt) is the temperature recorded by a thermometer 
when the bulb is enveloped by a cotton wick saturated with water. As the air 
stream [lows past it, some water evaporales, taking the latent heat from the water- 
soaked wick, thus decreasing its temperature. Energy is then transferred to the 
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wick from the air. When equilibrium condition is reached, there is a balance 
between energy removed from the water film by evaporation and energy supplied 
to the wick by heat transfer, and the temperature recorded is the wet bulb 
temperature. 

A psychrometer is an instrument which measures both the dry bulb and the 
wet bulb temperatures of air. Figure 15.2 shows a continuous psychrometer with 
a fan for drawing air over the thermometer bulbs. A sling psychrometer has the 
two thermometers mounted on a frame with a handle. The handle is rotated so that 
there is good air motion, The wet bulb temperature is the /owest temperature 
recorded by the moistened bulb. 


Dry Wet 
bulb bulb 
i ы 


reservoir 


Fig. 15,2 Dry and wet bulb temperature: 


At any dbt, the greater the depression (difference) of the wbt reading below the 
dbt, the smaller is the amount of water vapour held in the mixture. 

When unsaturated air flows over a long sheet of water (Fig. 15.3) in an 
insulated chamber, the water evaporates, and the specific humidity of the air 
increases. Both the air and water are cooled as evaporation takes places. The 
process continues until the energy transferred from the air to the water is equal to 
the energy required to vaporize the water. When this point is reached, thermal 
egnilibrium exists with respect to the water, air and water vapour, and 
consequently the air is saturated. The equilibrium temperature is called the 
adiabatic saturation temperature or the thermodynamic wet bulb temperature. 


4 - Saturated air 
Unsaturated air = >- +- | *- G, W. =W 
3 г С; = 
былқ Ми, „2с 75%-ы? 
LE сш шы ыы Make-up 
ЗИ water (at t) 
È Insulated chamber Water hy{at f) 


Fig. 15.3 Adiabatic saturation process 


Машгін 
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The make-up water is introduced at this temperature to make the water level 
constant. 

The ‘adiabatic’ cooling process is shown in Fig. 15.4 for the vapour tn the air- 
vapour mixture. Although the total pressure of the mixture is constant, the partial 
pressure of the vapour increases, and in the saturated state corresponds to the 
adiabatic saturation temperature. The vapour is initially at the dbt fa, and is 
cooled adiabatically to the dbt fm, which is equal to the adiabatic saturation 
temperature fyn, The adiabatic saturation temperature and the wet bulb 
temperature are taken io be equal for all practical purposes. The wht lies between 
the dbt and dpt. 


<— Adiabatic saivretion process 


alr ai 1 


----і- 5 


Fig. 15.4 Adiabatic moling provets on T-s plot 


Since the system is insulated and no work is done, the first law yields 

Gha + mi fy +{ту— mig = СЯ, m, Bus 
where (m; — т) is the mass of water added, Л , is the enthalpy of the liquid water 
at (= 1,55), A, is the specific enthalpy of dry air, and A, is the specific enthalpy 
of water vapour in air, Dividing Бу С, and since л, = А 


ge 
53 m W, hu д (ПР, i Wes = hu * Wh. {1 5,2) 
Solving for W 
p, = Pa — A т (Hp 7 №) 
i ho; 7 An 
ca ih- 5E) T Ba 
= a. 2 1) 217m (15.3) 
fyi n hn 
where У, = Па И: 2.0622 P 
G © р-н 


The enthalpy of the air-vapour mixture is given by 
Gh = Gh, + mh, 


‚ where л is the enthalpy of the mixture per kg of dry air (it is not the specific 
enthalpy of the mixture} 
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The constant wbt line represents the adiabatic saturation process. It also 
coincides with the constant enthalpy line. To show this, let us consider the energy 
balance for the adiabatic saturation process (Eq. 15.2). 
ha + WAV + (07 We hat Wu 
Since A, + Wh, = A kJ/kg dry air (equation 15.4) 

Ay Ий = А – Why, 
where subscript 2 refers to the saturation state, and subscript | denotes any state 
along the adiabatic saturation path, Therefore 
h — Wh,, = constant 
Since НА үҙ 15 small compared to ^ (of the order of } or 2%) 
А = constant 


indicating that the enthalpy of the mixture remains constant during an adiabatic 
saturation process. 


Fig. 15.6 Senile healing 


153 Psychrometric Processes 


(a) Sensibie Heating or Cooling (at W — Constant) Only the dry bulb 
temperature of air changes. Let us consider sensible heating of air (Fig. 15.6(a), 
(b), (c)] Balance of 


Dry air Gi = G, 


Paychrometrics -= 627 


һы fy fanz fe 
о 
ib) 
Fig. 15.9 Heating and humidification 


Cool Heating 
cole coil 


{Heating section) 


Condensate - saluraled al T> р Ч 
(Dehumidifier section) Т; Т; 7, 
Dry-bult temperatuna 


(a) (b) 
Fig. 15.10 — Dehumigificatiog with heating (a) Equapment schematic 
(8) Prychrometric chart representation 
Gi + ©, = б; 
С; | + Gor, = Сү, 
СА + Gh, = Gy, 
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Tp) x, Make-up waler 


*— Warm 
water (m) 


Air in 


ЕЕЕ 


Cooled water < 1 


Fig. 15.14 Cooling tower 


The difference in temperature of the cooled-water lemperature and the wet 
bulb temperature of the entering air is known as the approach. The range is the 
temperature difference between the inlet and exit states of water. Cooling towers 
are rated in terms of approach and range. 


Discharged moist air 


| 

| 

| Е 

| Warm water intet 
| a 

| Та, "mua 


xoc EUN Mr eem 4) Retum water 
3 RR E a 2 х= 
24 Liquid 22 


Fig. 15.15 Schematic of a cooling tower 
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2, Бат 1.17 kPa 
e ра = 101.3 — 1.17 = 100.13 kPa 
W, = 0.622 292. = 0,622 х LU. = 0.00727 
Pa 100.13 
ф = Pa 21,09 
(Pen С 
At 2°С, pa, = 0.7156 kPa 
^ Py = 0.7156 kPa 
Pa, = 101.3 – 0.7156 = 100.5844 kPa 
= 0,622 156 0.00442 
100.5844 
W, – № = 0.00727 - 0.00442 = 0.00285 kg vap/kg dry air 
RT, 0287x293 ; 
= абз „2480499 BA mk 
Ps 100.13 g dry air 
^ Spray water = 0.00285 - 8 YSP- у kg dry air 


kg dry air 0.84 m? 
= 0.00339 kg moisture/m’ Ans. 
Gh + mu, = Għ; 
Ay + (W,- Ws = А, 
ha + Why; + OF; — Wis, = ha + hy, 
сз it) + Wsha- Рио (ИН, = 0 
From the steam tables, зір, = 1.17 kPa 
A, = 2518 kJ/kg und t, = 9.65°C 
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1.005 (20 — 14) + 0.00727 [2518 + 1.884 (20 — 9.65)] 
— 0.00442 [2518 + 1.884 (+, - 9.65)] 
- 0.00285 x 10 =0 
fh = 27].2°С Ans. 


Example 154 Ап air conditioning system is designed under the following 
conditions: 
Outdoor conditions—30°C dbt, 75% R.H. 
Required indoor condition—22°C ды, 70% В.Н. 
Amount of free air circulated—3.33 m/s 
Coil dew point temperature—14°C 

The required condition is achieved first by cooling and dehumidification and 
then by heating. Estimate (а) the capacity of the cooling coil in tonnes, (b) the 
capacity of the heating coil in kW, and (c) the amount of water vapour removed in 
kg/s. 
Solution The processes are shown in Fig. Ех. 15.4. The property values, taken 
from the psychrometric chart, are 

h, = 82, А, = 52, h, = 47, h, = 40 kJ/kg dry air 


Heating call 


PU = | FT 
М 1) 3) г (2; 


E | Maistura removed 
Cooling coil 
(a) | 
и 
V 
= ұғ; 


14°C 22°С 30°C | 


= DBT 


Fig. Ex. 15.4 
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W, = 0.020, W, = №, = 0.0115 ка vap./kg dry air 
v, = 0.887 m"/kg dry air 

3.33 
0887 
^ Cooling сой capacity = G (4, — &,) = 3.754 (82 — 47) КИ 


_ 3754 X 35 X 3600 


= 1,754 kg dry air/sec 


= 33.79 tonn dns. 
14,000 77 tonnes ns. (a) 
Capacity of Ше heating coil = G (Б, – 4) = 3.754 (52 - 47) ЮН 
ж 3.7345 18.77 kW Ans. (b) 


Rate of water vapour removed = G (W^, - №} 
= 3.754 x (0.0200 - 0.0115) 
= 0.0319 kgs Ans. (c) 


Example 15. Air at 20°C, 40% RH is mixed adiabatically with air at 40°C, 
40% RH in the ratio of 1 kg of the former with 2 ke of the latter (on dry basis). 
Find the final condition of air. 


Solution Figure Ex. 15.5 shows the mixing process of two air streams. The 
equations 


С, + С. = С, 
ану + GF, = GE, 
GA, + Gh, = Gh; 
result in 


From the psychrometnic chart 
W, = 0.0058, Б, = 0.0187 kg чар КЕ dry air 


Ө» 


(а) 


Fig. Ex. 15.5 


Prychromstrics А 
h, = 35, h, = 90 kT/kg dry air 


2 1 


W,- 3 х 0.187 + 3 х 0.0058 
= 0.0144 ка чар. Ка dry air 
Араіл 
k-h G 1 
^ к, = „= һ= х9+ 1 35 
3 3 3 3 
= 71.67 kJ/kg dry air 
Final condition of ак 15 piven by 


№, = 0.0144 kg vap./kg dry air 
Ay = 71.67 Кр dry air 
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Example 15.6 Saturated air at 21°C is passed through a drier so that Ил final 
relative humidity is 20%. The drier uses silica gel adsorbent. The air is then 
passed through a cooler until its final temperature is 21°C without a change in 
specific humidity. Find out (а) the temperature of air at the end of the drying 
process, (b) the heat rejected in kJ/kg dry air during the cooling process, (c) the 
relative hurnidity at the end of the cooling process, (d) the dew point temperature 
at the end of the drying process, and (е) ibe moisture removed during the drying 


process in kg vap-/kg dry air. 
Solution From the psychrometric chart (Fig.Ex. 15.6) 


T, = 38.5°С 
hy~ hy = 60.5 — 42.0 = 18.5 kJ/kg dry air 


Ans. {a} 
Ans. (b) 
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Example 15,8 Water at 30°C [lows into a cooling tower at the rate of 1.15 kg 
per kg of air. Air enters the tower at a dot of 20°C and a relative humidity of 60% 
and leaves it at a dbt of 28°C and 909% relative humidity. Make-up water is 
supplied at 20°C. Determine: (i) the temperature of water leaving the tower, 
(11) the fraction of water evaporated, and (iii) the approach and range of the 
cooling tower. 
Solution Properties of air entering and leaving the tower (Fig. 15.13) are 
Қыл 15.2°C 
Мы 26.79С 
| = 43 kJ/kg dry ап 
A, = 83.5 kJ/kg dry air 
Я’, = 0.0088 kg water vapour/kg dry air 
W- = 0.0213 kg water vapour/kg dry air 
Enthalpies of the water entering the tower and the make-up water аге 
Аз = 125.6 Кр А. = 84 КУЕр 
From the energy balance Eq. (15.5}, 


hus а= — [Us — fy) ~ (Wz — WR] 


№ 


tl 


Us 183.5 — 43) — (0.0213 — 0.0088) 84] 


= 34.2 КУК 
Temperature drop of water 
34.2 
-ңілЛ-----30-1 
wd №4 419 wd 
14 = 21.8°C 


Approach = ^4 = іы = 21.8 — 15.2 = 6.6°C 
Range = fya ~ fyg = 30 - 21,8 =8.2°C 
Fraction of water evaporated, «= С (HW, — Wp = 1(0.0213 — 9.0088) 


= 0.0125 kg/kg dry air 


Example 15.9 Water from a cooling system is ilself to be cooled in a cooling 
tower at a rate of 2.73 kg/s. The waler enters the tower at 65°C and leaves a 
collecting tank at (ће base at 38°C, Air flows through the tower, entering the base 
at 15°С, 0.1 MPa, 55% RH, and leaving the top at 35°C, 0,1 MPa, saturated, 
Make-up water enters the collecting tank at 14°C. Determine the air [low rate 
into the tower іп m*/s and the make-up water [low rate іп kg/s. 

Solution Figure Ex. 15,9 shows the flow diagram of the cooling tower, From 
the steam tables. 


at 15°C, ри: = 0.01705 bar, л, = 2528.9 kWkg 
at 35°C, P,a = 0.05628 bar, №, = 2565.3 kJ/kg 
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Hot saturated alr (15°C, 100% RH) 


Hot water (65°C, л) 


Ak 
(15°С, 55% RH} 


0,55 


ф- 
l ба 
Ры = 0.55 х 0.01705 = 0.938 x 107 bar 


Pw 
ф, == 1.00 
(Рик дла" С 
Ру = 0.05628 bar 
0.938 x 10? 
v = (0.622 —————— 
PO Pw 1.00 = 0.00938 
= 0.00589 Ед ғар Ка dry air 
0.05628 


F, = 0.622 x —— +> = 0,0371 kg уар/йгу ai 
2 * 100 — 0.05628 g vap/dry air 


и. Make-up water = P,- F; 
= 0.0371 - 0.00589 
= 0.03121 Ер vap/kg dry air 


W =0.622 


Energy balance gives 
| HAt H,-H,-A;-,=0 
For 1 kg of dry air 
Cg (5 7 6) + A, — ИА, + m, (А 45) - (B, – A, = 0 
= 1.005 (35 — 15) + 0.0371 x 2565.3 - 0.00589 х 2528.9 
%т,(-35)4,187- 0.03121 x 4.187 x 14 = 0 
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PROBLEMS 


15.1 


15,2 


15.3 


15.4 


15.5 


15.6 


15.7 


15.8 


An air-water vapour mixture at 0.1 Mpa, 30°C, 80% RH has а volume of 50 m’, 
Calculate the specific humidity, dew point, wbt, mass of dry air, and mass of 
water vapour. 
Ifthe mixture is cooled at constant pressure to 5?C, calculate the amount of water 
vapour condensed. 
А sling psychrometer reads 40°C dbt and 26°C wht. Find Ihe humidity ratia, 
relauve humidity, dew paint temperature, specifie volume, and enthalpy of air. 
Calculate Lhe amount of heat removed per kg of dry air if the initial condition of 
air is 35°C, 70% ВН, and the inal conditien is 25°C, 60% RH. 
Two streams of air 25°C, 50% RH and 25°C, ЯКЪ RH are mixed adiahatically to 
obtain 0.3 kg/s of dry air at 30°C. Calculate the amounts of air draun from both 
the sireams and the humidity ratio of the mixed air, 
Air at 40°C dbi and 27°C wht is to be cooled and dehumidified by passing it over 
а refrigerant-filled coil to give а final condition of 15°C and 90% RH. Find the 
amounts of heat and moisture removed per kg of dry air. 
Ап air-water vapour mixture enters à heater-humulifier unit at S"C, 100 kPa, 
50% RH. The flow rate of dry air is 0.1 kars. Liquid water at 10°C is sprüyed into 
the mixmre at the rate of 0.002 kg/s, The mixture leaves the unit at 30°C, 100 
kPa. Calculate (a) the relative humidiry at the outlet, and (b) the rate of heat 
Transfer to the unit. 
A laboratory has a volume of 470 т”, and is 10 be maintained at 20°C, 
52.5% RH. The air in the room is to Бе completely changed ance every hour and 
15 drawn [rom the atmosphere at 1.05 bar, 32°C, 86% RH, by a fan absorbing 
0.45 KW, This air passes through a cooler which reduces its temperature and 
causes condensation, the condensate being drained off at B°C. The resulting 
saturated air is beated to room condition. The total pressure is constant 
throughout. Determine (а) ihe temperature of ihe air leaving the cooler, (b) the 
rate of condensation, £c) the heat transfer in the cooler, and (d) the heat transfer in 
ihe heater. 

Ans. (а) 16°C, (b) 10.35 kg/h, (c) 11.33 kW, (d) 1.63 kW 
lu an ат conditioning system, aic із to be cooled and dehurnidified hy means of a 
cooling coil. The data are as follows: 
Initia] condition of the air at inlet to the cooling coil: dbl = 25°C, panial pressure 
of water vapour — 9.019 bar, absolute total pressure - 1.02 bar 
Final condition of air at exit of the cooling сан: 
dbt = 15°C, RH = 90%, absolute total pressure = 1.02 har. 
Other data are as follows: 
Characteristic gas constant for air = 278 J/kg K 
Characteristic gas constant for water vapour = 461.5 Мес К 
Saturation pressure for water at 15°C = 0,017 bar 
Enthalpy af dry air = 1.005 r kJ/kg 
Enibalpy of water vapour = (2500 + 1.88 гу kJ/kg where ris in °C 
Determine fa! the moisture removed from air per kg of dry air, (b) the heat 
removed Бу the cooling coil per kg of dry air. 

dns. (а) 0.0023 kg/kg d.a. (b) 16.1 kJ/kg d.a. 


15.9 


13,10 


15.11 


15.12 


15.13 


15,14 
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Air al 30°С, Rise RH is cacled by spraying in water at 12°C. This causes 
saturation. followed by condensation, the mixing being assumed Lo take расе 
adiabatically and ihe condensate being drained off at 16.7°C. The resulting 
saturated mixture 15 then heated ta produce ihe required conditions of 60% ЕН м 
25°C. The total pressure is constant at 101 kPa. Determine the mass af water 
supplied 1o the sprays to provide ТО m/h of conditioned air. What is the heater 
power required? 
Ans, 2224 БЕТ. 2.75 КУ 
An air-conditioned room requires 30 төзіп of air at L013 bar, 20°C, 
52.5% RH. The steady Aow conditioner takes in air at 1.013 bar, 77% RH, which 
it conis to adjust the moisture content and reheats ta room temperarure. Find the 
temperature to which the air із cooled and the thermal toading on both the cooler 
агиі heater. Assume ihat e fan before the cooler absorbs 0.5 kW, and that the 
condensate is discharged at the temperature to which the air is cooked, 
Ans. 10°С, 25 kW, 6.04 kW 
Ал indastrig! process requires an atmosphere having a RH of 88,455 at 22°C, and 
involves а Naw rate of 2000 т^. The external conditions are 44,4% RH, 15°С. 
The air inlake is heated and then humidified by water spray at 70°C. Determine 
the mass flaw rate of spray water and the power required for heating if the 
pressure throughout is ] bar. 
Ans. 23.4 kath, 20.5 kW 
Cooling water enters a cooling tower ai a rate of 1000 keh and 70°С. Water is 
pumped from Ше base of Ше tower at 24°C and some make-up water is added 
afterwards. Air enters the tower at 15°C, 50% RH, 1.013 bar, and is drawn from 
the tower saturated аі 34°C, | bar. Calculate ihe flow cate of the dry air in kg/h 
and the make-up water required pet hour. 
Ans, 2088 КР, 62.9 kgh 
А grain dryer consists of a vertical cylindrical hopper through which hot air is 
blown. The air enters the base al 1.38 bar, 65°C, 50% RH. At ihe top, saturated 
air is discharged into the atmosphere at 1.035 bar, 50°С. 
Esurmate the moisture picked up by Е kg of dry air, and the total enthalpy change 
between the ептеп and leaving streams expressed per unit mass of dry air. 
Ans. 0.0864 Ка air, 220 kJ/kg eir 
Air enters а counter/ Tow cooling tower at a rate of 100 m/s at 30°C dbt and 40% 
relative humidity, Air Jeayes at the юр of the tower at 32°C and 90% relative 
humidity. Water enters the lower ai 35°C and the water Now sate is 1,2 times the 
mass flow rate of air. Make-up water ia supplied at 20°C. What are the range and 
approach of the tower? At what rate is heat absorbed fram ibe load by the stream 
of water au its way back to the top of the tower? Whal percentage of the water 
flaw rate must be supplied as make-up water to replace Lhe water evaporated inta 
the air stream"? 
Ans. Range = 3.7?C, Approach = 6.3°С, О = 5005 kW, % make-up = 1.39% 


Reactive Systems 


In this chapter we shall study the thermodynamics of mixtures that may be 
undergoing chemical reaction. With every chemical reaction is associated a 
chemical equation which is obtained by balancing the atoms of each of the atomic 
species involved in the reaction. The initial constituents which start the reaction 
are called the reactants, and the final constituents which are formed by chemical 
reaction with the rearrangement of the atoms and electrons are called the 
products. The reaction between the reactants, hydrogen and oxygen, to form the 
product water can be код аз 


The equation indicates that one mole of hydrogen and half a mole of oxygen 
combine to form one mole of water. The reaction can also proceed in the reverse 


direction. The coefficients 1, 5, l in the chemical Eg. (16.1) are called 


stoichiometric coefficients. 


16.1 Degree of Reaction 


Let us suppose that we have a mixture of four substances, 4,, Аҙ, A; and Ay, 
capable of undergoing a reaction of the type 


уу 4, + v, А, — v dA t V, 
where the v's аге the stotchiometric coefficients. 

Starting with arbitrary amounts of both initial and final constituents, let us 
imagine that the reaction proceeds completely to the right with the disappearance 
of at least one of the initial constituents, say, 4,. Then the original number of 
moles of the initial constituents is given in the form 


Reactive Systems —— 645 


n; (original) = ^, Vi 

n; (original) =n, v, + №, 
where n, is an arbitrary positive number, and М, is the residue (or excess) of A}, 
i.&., the number of moles of 4, which cannot combine. If ihe reaction is assumed 


io proceed completely to the left with the disappearance of the final canstimeot 
Аз, then 


n, (original) = n; ¥; 
n, (original) = ng + My 
where ^; is an arbitrary positive number and М, is the excess number of moles of 
A, left after the reaction is complete from прћ to left. 
For a reaction that has occurred completely to the lef, there is а maximum 


amount possible of each initial constituent, and а minimum amount possible of 
each final constiment, so that 


m (max) = Mo V + Hy Vi 
{Original number of moles of 4 |) (Number of moles of 4, formed 
by chemical reactian) 


(по Wy Ау + Ho V4 А, > п, Vi A, + Hg у. As) 
= (по + л) М 


n; (max) = (ny V, М.) + ny Vi 
(Original number of (Number of moles of 4, formed 
moles of 43) by chemical reaction} 


= {np + по) V, + Na 
па (min) = 0 (The constituent 4, completely disappears Бу reacnon) 
n4 (min) = А, (The excess number of moles of 4, that are left after the reaction 
is complete to the left) 


Similarly, if the reaction is imagined to proceed completely to the right, there 
is a minimum amount of each initial conslituent, and а maximum amount of each 
final constituent, so that 


n, (min) = 0 
n, (min) = №, 
пу (тах) = луу; + My Vs 


(Original amount) (Amount Tormed by chemical reaction) 
(п, уу A, + на м, Ay л, V4 Ау + ng Ya AQ) 
= (ng + пом, 
па (max) = (np + но) V, + М, 

Let us suppose that the reaction proceeds partially either to the right or to the 
lefi to the extent that there are n, moles of 4j, 7, males of A, n4 moles of 44, and 
па moles of 4,. The degree (or advancement) of reaction ғ is defined in terms of 
any one af the initial constiments, say, 4), as the fraction 


, , mí(max)- m 
nj (max) — m (min) 
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It ts seen that when n, = лу (max), E — 0, the reaclion will start from left to 
right. When n, = n, (min), € = 1, reaction is complete from iefi to right. 


The degree of reaction can thus be wntten in the form 


Therefore 


Let us take the reaction 


”, 


_ n + лоу т 
(по + по}, 


Ay = (m * М - (na T па) УТЕ 
= т (nt start) — л (consumed) 


= Number of motes of 4, at start - number of moles of 4, 
consumed in the reaction 


= {па + п) Vi (1 - Е} 
A; = п (at start) — л (consumed) 


= (ng + по) V; + Му— (ny + па) 12E 


= (nq + no) v, (1 -£&*N, 
n; = п (at start) + n (formed) 
=O + (ag no) 14E | 


= (ny по) VE 


ла = n (at start) + n (formed) 
= N; t (ag t ng) VE 

= (ny + ла) E+ М; 

The number of males of the coastituents change during a chemical reaction, 
not independently but restricted by the above relations. These equations are the 
equations of constraint. The n's are functions of Е only. In a homogeneous 
system, in a given reaction, the mole fraction x's are also functions of Е only, as 
liiustrated below. 


Н, + 9; — H,O 


(16.2) 


io Which лу moles of hydrogen combine with ло/2 moles of oxygen to form ло 
moles of water. The n's and x's as functions of Е are shown ш the lable given 


below. 


4А = 0, 


Л 
A, = m il- E) 
пу= 2001-е) 
n, = Ape 


x 
ER 21-Е} 
LH 3-Е 
L= l-E 
ЖЕСЕ 
2t 
X34 = 
i-E 
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' Ifthe reaction is imagined to advance to ап infmitesimal extent, the degree of 
reaction changes Irom £ to £+ de, and the various n's will change by the amounts 


da, = — (ny + ту) v, de 
da, = — (ng + по) v, de 
dor, = {ту + ny) v, дЕ 
da, = (ny + тұ) v, dE 


or dm 2 dm dm; d». „уш 


which shows that the дт” are proportional to the ws. 
16.2 Reaction Equilibrium 


Let us consider a homogeneous phase having arbitrary amounts of the 
constituents, 4,, 45, 4, and Aa capable of undergoing the reaction 
4 A,+ № Аҙ а у; Ау + EF 

The phase is at uniform temperature T and pressure p. The Gibbs function of 

the mixture ts 
G = uum + дат) + Дулу + Шли 

where the n's are the number of moles of the constituents at any moment, and the 
Ше are ihe chemical potentials. 

Let us imagine that the reaction is allowed to take place at coustant 7 and p. 
The degree of reaction changes by ап infinitesimal amount from £ to Е + de. The 
change in the Gibbs function is 


dG, ә” Zu. dn, 
= Шу do + p; блу us блу + wt, diy 
The equations of constraint in differential form are 
da, =~ {n + л) и de, da, = (nj + по) и, de 
іл, = (ag ny) у, de, дл, = (ny + n) v, ЧЕ 
On substitution 
астр = (то + Aw (7 и; — ea + УИ + Vu) ЧЕ {16.3) 
When the reaction proceeds spontaneously lo the right, d£ is positive, and 
since аСт , <0 
(Vy + V) > (уш; + Vu) 
If Ew, = (и + VJ) - (VU уыш), then it is negative for the reaction 
_ to the right. 
When the reaction proceeds spontaneously tp the left, d£ is negative 
(уш + уш) < (УШ + Vaha) 
i.e., DV is, is positive. 
At equilibrium, the Gibbs funetion will be minimum, and 
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Vil, + Ут Vl, + УД (16.4) 
which is called the equation of reaction equilibrium. 
Therefore, it is the value of Ey, which causes or forces the spontaneous 
reaction and is called the “chemical affinity’. 


16.3 Law of Mass Action 


For a homogeneous phase chemical reactian at constant temperature and pressure, 
when the constituents are idea! gases, the chemical potentials are given by the 
expressions of the type 


№ = RT(A +n p + in x) 


where the 95 are functions of temperature only (Article 10.11). 
Substitunng m the equation of reaction equilibrium (16.4) 


Vi ($, + In p * In xy) + v4 ($, + In p +t In xj) 
= м; ($ шр) + © ($ +10 p + In ху) 
(m rearranging 
ы Ing, + by Inx, — м, Шх, у Шх, + (4t n v — vylnp 
=- (hf t v f- vid ~ Voth) 
XY eer Tee 
хү!-х)* 
= (Vah + V4, — i$ — 0) 
Denoting 
In K=- (v4 + vV4$4 Мф – 99) 
where К, known as the equilibrium constant, is а function of temperature only 


¥ v 
Ес: | poti- (16.5) 
| 4 
Ху X е-е, 


This equation is called the faw of mass action. К has the dimension of pressure 
raised to the (v4 + v, — v; — vith power. Here the x's are tbe values of mole 
fractions at equilibrium when the degree of reaction is =. 

The law of mags action can also be written in this (огт 


BP к 
ырл. 
Ру `Р› 
where the p's are the partial pressures. 


16.4 Heat of Reaction 


The equilibrium constant K is defined by the expression 
пК--(ыф + v9, - ИФ,  — vid) 


652 — Вагіс and Applied Thermodynamics 
The equilibrium constant is given by 


V3 У 
xir ws 
In K = п rm ТАЛЫ м-т 
x, 1x3! 

Es Ee 
= 1+Е, 1+6. yee 

| - є, P 

1+ E, 


In К 


Since the three gases are monatomic, c, — 2 В which, on being substituted in 


P 
Ше Nemst's equation, gives 
2 
=. АН, 5 
ЕР Т o2 (16.9) 
where 250 „ща 


е = Ве adi o (16.10) 


where ғ, is the equilibrium value of the degree of ionizauon. This is known as the 
Sake 's equation. For a particular gas the degree of ionization increases with an 
increase in temperature and a decrease in pressure. 

И can be shown that AA‘, ts the amount of energy necessary to tomze 1 роі of 
atoms. If we denote the ionization potential АҒ, of the atom in volts Бу E, then 


АН, = E(volts} x 1.59 x 1077 coulomb x 6.06 x 10 electron 


mol 
= 9.6354 x 10° E Fgmol 
Equation {16.9} becomes 
Е 96354 E 5 
ln —— = -== + — In T+ ing 16.11 
l-g? Р КТ 2 ) 


Expressing p in atmospheres, changing lo common loganthms and introducing 
the value of В from statistical mechanics, Saha finally obtained the equation: 


1 
96354E | 5 


log — 2 p (atm) = - 9,9, 
ee? 191487 2 


log T+ log —6.491 (16.12) 
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From this, the value of the degree of reaction at equilibrium €, may be 


calculated. 
From Eq. (16.3), if n, = 1 and nh = 0 
9С 
ЕЗ = (v4 + Vt, 7 УШ У) 
Е T. p 
Since ц. = RT (A tinp+ nx) 
and gy = RT (& + inp) 
50 ш. =, + PT in x 
Therefore 
Lk: Va 
ЕЗ = Vas + Vaga ма Vaga RTIS IT 
дЕ тр x 
x4? x," 
= АС + ЕТ уур 
xj! xj! 
At == 0), 1. =0, х.=0 
ЕЗ =_e 
dé Tp 
and at €=1,x,=0,x,=0 
dé тр 
At emt y=“, TCR 
2 EV y 
SOR „ = 4 
3 ту, Ey 
where LY = ¥,+ ¥ + и ғу; 


| , Т 4 ) 
E k» ; - AG RTI LV - Ev - 
LV Lv 
If p= | atm, Г= 298 К 


aG 
ES 


ent 


because the magnitude of the second term on the right hand side of the equation is 


i 


very small compared to АС”. The slope ЕЗ at € = — is called the ‘affinity’ 


т.р 
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of the геаспоп, and it is equal to AG? at Lhe standard reference state. The 
magnitude of the slope al £ = 1/2 (Fig. 16.2) indicates Lhe direction іп which the 
reaction will proceed. For water vapour reaction, AG ^, is a large positive 
number, which indicates the equilibrum point is far to the lefl of Е = 1/2, and 
therefore, ғ, is very small. Again for the reaction NO — aN, + 20, AG ы 
is а large negative value, which shows that the equilibrium point is far to the nght 
of £= 1/2, and so Е, is close to unity. 


-_—= 


Fig. 162 Ад of G against г at constant: Т ond р 


16.9 Fugacity and Activity 


The differential of the Gibbs function of an ideal gas undergoing an isothermal 
process is 
dG = dp = ART ар 
р 
=nRT d(in p) 
Analogously. the differential of Ше Gibbs fiction for a real gas із 


dG=nkTdyf) . (16,15) 


where fis called the Argacity, first used by Lewis. The value of fugacity 
approaches Lhe value of pressure as the latter tends to zero, i.c., when ideal gas 
conditions apply. Therefore 


im = 1 
pcUp 


For an ideal gas = p. Fugacity has Ше same dimension as presaure, Integrating 
Ед. (16.15) 


G- GC -nRTIn -L- 


f 
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Therefore, for endothermic reaction, when AH is positive, | See | is positive, 
р 


and for exothermic reaction, when АН is negative, | E, ) is negative, 
В 


dT 
we (8) (25) 80 
др jr дщ К} др t 
oink 
A), 
Ен 
QE, р 
Using the law of mass actian 
d£, | _ Ум Vo 
(==) -- d БАҒА (16.18) 
de, xj 25 ree, 


If (v, + v) > (V, + уу), Le. the number of moles increase ог the volume 


. д | . | 
increases due to reaction, 26 | is negative. If (V, + v) <(у + v.) Lē, 
PT 


2.) is positive. 
др Ж 


volume decreases іп ап isothermal reaction, | 


16.11 Heat Capacity of Reacting Gases іп 
Equilibrium 


For a reaction of four ideal gases, such ал 
vidit УМ; um УЗ + Va, 
the enthalpy of mixture at equilibrium is 
where M) = (ng + по) Vi (1 ~ £), Пп; = (ng + my Va (1 + &)+ А 
= (Ay + т) У; Б, and n, = (ng + по) v, E, + М; : 
Let us suppose that an infinitesimal change in temperature takes place at 
constant pressure in such a way that equilibrium is maintained. 
& will change to tne value є, + е and the enthalpy will change by the amount 
dif, ш La, dh, + Eh, dn, 
where dh, = c, dT, dn, = + (nj + np) v, d£, 
Therefore 
dH, = Enc, dT * (ny ny) (v, + v, — vh, — vy de, 


The heat capacity of the reacting gas mixture is 


3H) _ ЛЕР 
C (37) nea (rg р АН[ Se) 


Using Eq. (16.14) 


АН) 
C, = Іле (ng + п) oa (16.19) 
Rr? d p s 
de xy Joe 


16,12 Combustion 


Combnstion is a chemical reaction between а Ше! and oxygen which proceeds at 
а fast rate with the release of energy in the form of heat, In the combustion of 
methane, e.g. 
CH, + 20, 3 CO, + 2H,0 
Бастап Procuet$ 

One mole of methane reacts with 2 moles of oxygen to form 1 mole af carbon 
dioxide and 2 moles of water, The water may be in the liquid or vapour state 
depending on ihe temperature and pressure of the products of combustion. Only 
the inilial and final products are being considered without any concern for the 
intermediate products that usually occur in a reaction. 

Aunospheric air contains 21% oxygen, 78% nitrogen, and 1% argon by 
volume. In combustion calculations, however, the argon is usually neglected, and 
air is assumed to consist of 21% oxygen and 79% nitrogen by volume (or molar 
basis). Оп а mags basis, air contains 23% oxygen and 77% nitrogen 

For each mole of oxygen taking part in a combustion reaction, there are 79.0 
21.02 3.76 moles of nitrogen. So far the combustion of methane, the reaction can 
be wntten as 

CH, + 20, + 2(3.76)N, - CO, + 2H,0 + 7.52 N, 


The minimum amount of air which provides sufficient oxygen for the complete 
combustion of all ihe elements like carbon, hydrogen, ete., which may qudize is 
called the theoretical or stoichiometric air. There is no oxygen in the products 
when complete combustion (oxidation) is achieved with this theoretical air. ft 
practice, however, mare air than this theoretical amount is required to be supplied 
for complete combustion. Actual air supplied is usually expressed in terms of 
percent theoretical air, 150% theoretical atr means that 1.5 times the theoretical 
air is supplied. Thus, with 150% theoretical air, the methane combustion reaction 
can be wririen аз 


CH, + 2(1.5) О, + 2(3.76) (1.5)N, 
+ СО, + 29,0 + 0, + 11.28 М, 


Another way of expressing the actual gir quantity supplied is in terms of excess 
air. Thus 150% theoretical air means 50% excess air. 


ДЕГЕ 
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16,15 Adiabatic Flame Temperature 


If a combustion process occurs adiabatically in the absence of work transfer or 
changes in К.Е. and P.E., then the energy equation becomes 


Hg = Hp 
or У n; h; = У n. h, 
R Р 
2, n [№ + A8] = 2, п, [50 + AR] (16.23) 
R Р 


For such а process, the temperature af the products ts called the adiabatic 
flame temperature which is the maximum temperature achieved for the given 
reactants, The adiabatic flame temperature can be controlled by the amount of 
excess aw supplied; it is Ше maximum with a stoichtometric mixture. Since the 
maximum permissible temperature in a gas turbine is fixed from metallurgical 
considerations, close control of the temperature of the producis is achieved by 
controlling the excess air. 

For а given reaction the adiabatic flame temperature is computed by trial and 
error. The energy of the reactants A’, being known, a suilable temperature is 
chosen for ihe products so tbat the energy of the products ai that temperature 
becomes equal to the energy of the renctants. - 


-- 


16,16 Enthalpy and Internal Energy of Combustion: 
Heating Value 


The enthalpy of combustion із defined as the difference between the enthalpy of 
the producis and the enthalpy of the reactants when complete combustion occurs 
at a given temperature aud pressure. 

Therefore 


hyp = Hp - Hp 
or he = У МА +AA] - Ум [AF + Ak] (16.24) 
P Е 


where Apa is the enthalpy of combustion (кр оғ kI/kgmol) of the fuel. 


The values of the enthalpy of combustion of different hydrocarbon fuels at 
25°C, | atm. are given in Table 16.4. 


The internal energy of combustion, Upp, is defined in a similar way. 
Upp = Up — Up 
=F n [F +AA- py] - Уп + AE — ру 
е" РУ), ШЫ; Ру |, 
Р R 


[f all the gaseous constituents are considered ideal gases and the volume of 
liquid and solid considered is assumed to be negligible compared to gaseous 
volume 
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Wap = Mgp — КТ (п, ооз products gaseous resan? (16:25) 

Іп the case of a conslant pressure or steady [low process, the negative of the 
enthalpy of combustion is frequently called the heating value af constant 
pressure, which represents the heat transferred from the chamber during 
combustion at constant pressure. 

Similarly, the negative of the internal energy of combustion is sometimes 
designated ns the heating value af constant volume in the case of combustion, 
because її represents the amount of heat transfer in the constant volume process. 

The higher heating value (HAY) or higher calorific value (НСҰ) is the heat 
transferred when НО in the products is in the liquid state. The fower heating 
value (LHV) or lower calonie value (LCV) is the heat transferred in the reaction 
when Н,О in the products is in the vapour state. 

Therefore 


LHV = HHY - Мн, о : 5s 
where my г; is the mass of water formed in the reaction. 


16.17 Absolute Entropy and the Third Law of 
Thermodynamics 


So far only the first Jaw aspects of chemical reactions have been discussed. The 
second law analysis of chemical reactions needs a base for the entropy of various 
substances. The entropy of substances at the absolute zero of temperature, called 
absolute entropy, is dealt with by the third law of thermodynamics formulated in 
the early twentieth century primarily by W.H. Nernst (1864-1941) and Мах 
Planck (1858-1947). The third law states that the entropy of a perfect crystal is 
zero at the absolute zero of temperature and it represents the maximum degree of 
order. А substance not haviog a perfect crystalline structure and possessing a 
degree of randomness such as a solid solution or a glassy solid, has a finite value 
of entropy at absolute zero. The third law (see Chapter 11) provides an absolute 
base from which the entropy of each substance can be measured. The entropy 
relative to this base is referred to as the absolute entropy. Table 16.3 gives the 
absolute entropy of various substances at the standard біліс 24°C, | atm. For any 
other state 


$pp = 5; + (Аз) 1 arm, =T. р 
where sp refers to the absolute entropy зі 1 atm. and temperature T, and 
(As уа, әт, p Tefers to the change of entropy for an isothermal change of 
pressure from 1 atm, to pressure p (Fig. 16.6). Table C in the appendix gives the 
values of 5° for various substances at 1 atm. and at different temperatures. 
Assuming ideal gas behaviour (As). | um =T, p can be determined (Fig. 16.6) 
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Absaluta entropy i5 
kow along this 
obar, assuming 
ideal gas behaviour al 
1atm 


Fig. 16.6 Absolwie emnérofry 
16.18 Second Law Analysis of Reactive Systems 


The reversible work for a steady state steady flow process, in the absence of 
changes in KLE. and Р.Е., is given by 
We S nithi- То 5) – Ул, (А, — To s) 
For ап 5.5.5.Г. process involving a chemical reaction 


Ӯ. = 2 н. [АРАА — 7,5] 
- 2 [sr * Ah - 3]. (16.26) 


The irreversibility for such a process is 
T= 9 n, 193, - Ум: To 5; - Осу. 
P Г 


The availability, w, in the absence of KLE. and Р.Е, changes, for an S.S.S.F. 
Process is 
р = (A — Tos) — (Ag — Тозу) 
When an §.5.8.F. chemical reaction takes place tn such a way that both іле 
reactants and products are in temperature equilibrium wilh the surroundings, Lhe 
reversible work is given by 


Prey = L mE- Уп, Re (16.27) 
Е F 


where the g's refer to the Gibbs function. The Gibbs function for formation, gt ; 
is defined similar to enthalpy of formation, А2. The Gibbs function of each of the 
elements at 25°C and 1 atm. pressure is assumed to be zero, and the Gihbs 
function of each substance is found relative to this base. Table 16.1 gives Er for 
same substances at 25°C, [ atm. 
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16.19 Chemical Exergy 


In Chapter 8, it was stated that when a system is at the dead state, it is in thermal 
and mechanical! equilibrium with the environment, and the value of its exergy is 
zero. To state it more precisely, the thermomechanical contribution to exergy 18 
zero. However, the contents of a system at the dead state may undergo chemical 
reaction with environmental components and produce additional work. We will 
here study a combined system formed by an environment and a system having a 
certain amount of fuel at 7), рь. The work obtainable by allowing the fuel to react 
with oxygen from the environment to produce the environmental components of 
CO, and Н.О is evaluated. The chemical exergy is thus defined as the maximum 
theoretical work that could be developed by the combined system. Thus for a 
given system at a specific state: 


Total exergy = Thermomechanical exergy + Chemical exergy 


Let us consider a hydrocarbon fuel (C,H,,) at Т, ро reacting with oxygen fmm 
the environment (Fig. 16.7} which is assumed to be consisting of an ideal gas 
mixture at Ty, py. The oxygen that reacts with the fuel is at a partial pressure of x. 


CO. at Ty, 
| : PT 


і ной То, хњо Ёо 
| 


| 

1 To | 
\ , a SEGUE с-қа j 
Heat transfer emdronment al py, То ^ 


Boundary oi fhe combined sytem 


Fig. 16.7 Furl exergy concep 


Po. where xy, is the mole fraction of oxygen in the environment. The fuel and 
oxygen react completely to produce CO, and H,O, which exit in separate streams 
at 7, and respective partial pressures of Хо), ду and Xy 5: Py. The reaction is 
given by: | у 
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where the first term on ihe right is the absolute entropy at T; and po, and x; is the 
mole Fraction of component? in the environment. Therefore, Eq. (16.31) becomes, 


_ - bì- = b y 
аз = ЕЭ “(а +2) ho, -aho -- 2 Fao | {at Бу Ро) 
- b - be. 
— Г, Sp + dur Fo. Hen, 73 Үн (at To, Po} 
y" 
+ RT, In а ЕТЕ: 16.33 
(xo, (лыо) (1639) 
In terms of Gibbs functions of respective substances, 
- - f Ъ\- - b. 
ih 7 kon Қаз?) До, ” ЧЕсо- -È йо] (at Га, po) 


_ (x y bid 
+R In 2 | (16.34) 
(хсо,) (*u;o) 


whee Ж (Торо) = гі + ДЕ po — tet ha 


For the special case when 7, and ро are the same as 7, гапа р, Ag will be 
zero. 
The chemical exergy of pure CO at Tip po where the reaction is given by: 


CO+ > 0; —+ C0, 


_ = ] — — 
(aa }со 7 ES + 3 “оз -#со, | (at То, ру) 


(x )" 2 
+ RY, In MALO 
со, 
Water 15 present as a vapour within the environment, but normally is a liquid at 
Т Po Тһе chemical exergy of liquid water 15 
H,0(1} ——+ H,0(g) 
(Sen dyson = [н.о - Янов | (at To, Ро} 


-*RTIn 


THO (g) 
The specific exergy of a system 15 


Я Пат үпте Ға, рат 
4 
(16.35) 


1avria 
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2. О, + 29,0 + 2e —9 2(0H)" + н.о 


The electrolyte separating the electrodes transports the ОН” ions, completing 
the circuit, and the water (product) is removed from the cell. The overall reaction 
15! 


H; + + 0, —9H,0 


Which is the same as the equation for the highly exothermic combustion reacuon. 
However, іп a fuel cell, only a relatively smal! amount of heat transfer between 
the cell and its surroundings takes place, and the temperature rise is also rela- 
tively much smaller. 

Energy is removed [rom the fuel cell as electrical energy, whereas energy is 
removed from a combustion reaction as heat or as heat and work together. 
Because the fuel cell operates almost isothermally and continuously, the extent of 
its conversion of chemical energy to electrical energy 15 not limited by second law 
of thermodynamics. 

[n a fuel сей, there is a continuous supply of the reaclants. The overall reaction, 
as stated, is divided into two reactions that occur on separate electrodes. The fuel 
and the oxidizer do not come directly into contact with each other, because direct 
contact would generally involve a non-isothermal {exothermic} reactioo as in a 
normal combustion process. 

Ome reaction, occurring on the surface of one electrode, ionizes the fuel and 
sends released electrons into an extemal electric circuit. On the surface of the 
other electrode, a reaction occurs that accepts electrons from Ше external circuit 
and when combined with the oxidizer creates tona. The ions from each reaction 
are combined in the electrolyte to complete the overall reaction. The electrolyte 
between the electrodes is necessary to transport tons, and it is not electrically 
conductive, thus, not allowing the flow of electrons through it. 

The maximum work obtainable in a fuel all is given by Eq. (16.27), 


Wr AG 2, nil, — 2,0 
R F 


where g-8*Ag 
Also, from Eq. (16.2), 
Wor = Fasc um [Ff + Ak — 155], 
R 


-2 п. [Ft +A- 23), 
Р 


= AH - T, р "5-2, z 
Е Р 
The fuel celi efficiency is defined as: 
Е-АС/АН (16.3Е) 
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=- RT In K=- 8.3143 x 1200 In 1.62 
= — 4813.2 J/gmol 
Example 16.4 Prove that for a mixture of reacting ideal gases, 
doa x; х4 _ (mp +5) (V +0) (уу + Va) 
ЧЕ xix У, т E(1- €) 
which is always positive. 
Solution From the law of mass action, the equilibrium constant is given by: 
К = Lu М) * V4 р Vo 
xj x 
= [nEn] [n,/ En] Yt- 
[m /En]" [n; /En]" 


муз пу 
АИ рар 
where En =A + y+, + м4 and AvE n t -YY 
By ganan differentiation, 
ак луй ay din = у, и, dna du _„ dm _ у dm (D 
Pp La fa Ay п; 
Now, m= (gt ДУ, а-е) 
ns = (ny + a Va (I~ 
n5 = (fig іп) М.Е 
n, = (Ag + Ng) У.Е 
ілгіл + n'g) (Vj + v; + ЕАУ) (2) 
. dn, di; dn, dn, Р 
А =- — = — — = — = — = (m t Ag) dE 
Баш, " v; v; У, (ға + л) 


d Em = dn, “ап, + dn, + dn, = (лу+ ту ду ае (3) 
From Eqs (1), (2) and (3), 


ЯК уар + Av (ny + ло) Av de 
P 


" (ng + np) ИЕ tv (ny + л’) v,dE 


"n Fla 
(np т) vd€ — (по +a) ҮҙдЕ 
— v1 ———— ыы Va ———M——ÉÁ— Á — 
AI ‚ ^; 
2 
ак ,,%Ф = (л+л) Е + LL ON as 
K P Ay Л, Л n; Ln 
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„Ч x x (no tag} (Vi + ¥2) У, + V1) Proved. 
dE | x x» тег, Ax € (1— £) 


Example 16.5 Starting with v, moles of 4, and v; moles of 4;, show that: 
(a) At any value of £, 


G = & [V5 ily + миа — Vit, — Motta] + Vut + vau 
(b) At equilibrium, 
G(min) = vt, + vr, 
where the subscript e denotes an equilibrium value. 


у E-G qnin) - | DNE D | 


RT х; x? ху! x3 
(d) Ate =Ù, 
G — G (min) у “Ги Y 
| zr Е ғу | Е n | nix 
1 2 | 2 
(е) At £7 1, 
G - С (min) vw Гы т 
N] 3 | | 4 | “ах хм 
F; t Va V4 t V, 
Solution 
(a) Grp = Han + Malta + шу + Дала 
Сто = ии (E- Е) + 001 - Е) + py rye + pa v4E 
= Ду; + Vg iy — Vi, — Vo t;] 
. + уін + уш; Proved. 


(b) Atequilibrium, ЕЗ - 0 
| dE Lp 


G = E [Vy fy + Vy by — и |+ vi t Vols 
EH = эш + Уш, — Vilh — УШ = 0. 
ЗЕ, 


G(min) = V, Hy. + V5), Proved. 
(с) We have from (a) and (b), 
G — G(min) = [vtt + v,1t4 — Viti 7 V] + vu + vois 
— Yie Як 


For an ideal gas, 
Hy = RT [d + In p + In x] 
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G - G(min) = ЕТЕ | уф) + У,%-У0- Уф + In ph 1 i7 


му pY 
X,” I 


LUN; 
ху! x2? 


+ и. АТ ($, * Inp +i x) 
+ АТ ($ + Inp + In zj) 
-y RT ($ * In p * Inx,j) 
— V4 RT ($$ * In p + In x) 


= Rre| аккыр" и-и-и Ху T 
+ RT ln x^ + RT In xj? - RT In xf! — RT in xj: 


X1! x4* x; rg 
т у v 
= ЕТ +в +Шх DELI] 


E . Үз LVA4 № y 
Ga G (ain) _ [ I а 236 Хае a 
Xie X22 


M 


"r T 
Tnz'ux-hnrminl = Proved. 


(d) Ate=0, 
A = yil 6) = ур, л, = (1 — Е) = wv, 
я; = E= 0), п. = nye = 0. 

п M p= Fə 
mtm У жу, и ЕУ; 
Substituting с = 0, Eq. of (c) reduces to 

Gy — G (min) 
RT 


-= 
а= 


= “Yor Yl Nl 
In xj! -x;? = In xl x5? 


d Ұз 
= inj —L—| | —2.—— Іп ху 52 Proved. 
ЖУ и tV. 


(e) At £7 1, Eq. (c) reduces to 


_ . Wy Va Wy We 

Gi G (min) 1. 137 24 ы Зе Me ging’) x? -in r" 

вт ЕТ E E ET 1 “*3 Tie ‘Tg 
| 2 је “Te 


— м У ¥ ¥ 
= In 7-5,4 — In z42 ха 
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LE Vy 


Again, = and x, = ———-, since n, = 0 and n, =0 
E Зуи, ^ тұту, l 2 
а! E=]. 
. V4 ЫГ 
G — G (min у У 
Gi- Gin) _ 1, —À— ————| -Inxjj:x,3 Proved. 


Example 16.6 For the dissoctation of nitrogen tetraoxide according to ihe 
equatron 


№0, —— 2NO, 
Show that the degree of dissociation at equilibrium is 


_ where И, = initial volume and И, volume at equilibrium. At 50°C and 0.124 atm, 
there is а 77.7% increase in volume when equilibrium is reached. Find the value 
of the equilibnum constant. 

Solution 


№0, — 2М9; 


Starting with мо moles of МО, at temperature T and pressure p, the initial 
volume phis 


Рр --- 
р 
ІЁ У. denotes the volume at equilibrium, the temperature and pressure 
remaining the same, then 


\ и = [m (1-6) +2щ E] АТ 


where ғ, is the value of the degree of dissociation at equilibrium. This сап be 
written: 


V, = (1 Eo 
ог, =, = LA – 1 Proved. 
5 
Given | Р.Ғ, 1777, Е, = 0.777. 
Now, Hy 7 ny "1 - £) = mil — Е.) 


A; = "lg Уз, E, = ng : 25, 
ін-л,(1 +E.) 


_ 1-8, 2E 
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Example 16.12 (a) Propane (g) at 25°C and 100 kPa is burned with 400% 
theoretical air at 25°C and 100 kPa. Assume that the reaction occurs reversibly at 
25°C, that the oxygeo and nitrogen are separated before the reaction takes place 
(each at 100 kPa, 25°C), that the constituents in the products are separated, and 
that each is at 25°C, 100 kPa. Determine the reversible work for this process, 
(b) Ef the above reaction occurs adiabatically, and each constituent in the products 
is at 100 kPa pressure and at the adiabatic flame temperature, compute (а) the 
increase in епігору during combustion, (b) the irreversibility of the process, and 
(c) the availability of the products of combustion. 

Solution The combustion equation (Fig. Ex. 16.12) is 

| СН в) + 5 (4) О, + 5 (4) (3.76) М. > 
3 CO, +4Н.О (р) + 150, + 75.2 N, 


(a) Woy = 2, n Zi — 2, Mee 
R P 
From Table 16.1 


Wy - (8 ) CHala} — 3 [^ ko, -4 (Ер ош) 
--23,6-Х-394,374)- 4(— 228,583) 


= 2,074,128 kI/kgmol Ans. 
2,074,128 
= ЭН ДВ = 47,035.6 КИК Ans. 
44.097 5 ms 
(б) Hg = Hp 
(5. lanw = 3(й + Ak)... +4 (Яо + M т 


+15 А, +75.2 Ady, 
From Table 16.! - 


- 103,847 = 3(- 393,522 + AB Joo, +4 (241,827 + Ай), о) 


+15 А, + 75.2 Айы, 


Using Table С in the appendix, and by trial and error, the adiabatic Пате 
temperature 15 found № be 980 К. 
The entropy of the reactants 


Wey 


Сань (g) и 


Each at CO3 | Each at 

25"C Oy H20 > 255 

100 КРа 03 100 kPa 
№ | 2 


——*} 


О, м. 


Fig. Ех. 16.12 


16.18 


16.19 


16.20 


16.21 


16.22 


16.23 
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temperature of the products is limited to 827°C. Estimate the air-fuel ratio used 
and the percentage excess air. 

Ans. 66, 338% 
А mixture of methane and охуреп, in the proper ratio far complete combustion 
and at 25°C ond 1 atm, reacts in a constant volume calorimeter bomb. Heat is 


‚ transferred until the products of combustion are at 400 К. Determine the heat 


transfer per mole of methane. 
Anas. - 794414 kJ/kgmol 
Liquid hydrazine (М-Н,) and oxygen gas, both at 25°C, 0.1 MPa are fed to а 
rocket combustion chamber in the ralio of 0.5 kg Оке N;H,. The heat transfer 
{гот ihe chamber to the surroundings is estimated to be 100 kJ/kg N;H,. 
Determine the temperature of the products, assuming only НО, H;, und N, to be 
present. The enthalpy of the formation of N.H, (1) is + 50, 417 kT/kgmol. 
Ans. 2855 Қ 
If saturated liquid oxygen gt 90 К is used instead of 25°C oxygen gas іп the 
combustion process, what will the temperature of the products be? 
Liquid ethanol (СНОН) is bumed with 150% theoretical oxygen in a steady 
flow process. The reactants enter the combustion chamber at 25°C, and the 
products аге cooled and leave at 65°C, 0.1 MPa. Calculate the heal transfer 
per kg mol of ethanol, The enthalpy of formation of C.H,OH (1) is — 277, 
634 kJ/kg moi. 
A small gas rurbine uses C,H, (1) for fuel and 400% theoretical air. The air and 
fuel enter at 25°C and the combustion products leave at 900 K. Uf the specific fuel 
consumption 15 0.25 Ер/з per MW output, determine the beat rransfer from the 
engine per kp mol of fuel, assuming complete combustion. 
Ans. - 48,830 роо]. 
Hydrogen peroxide (НО) enters a gas generator at the rate of 0.1 kg/s, and is 
decomposed to steam and oxygen The resulting mixture is expanded through a 
turbine to atmospheric pressure, аз shown in Fig. Р 16.22. Determine Ше power 
output of the turbine and the beat transfer rate in the gas generator. The enthalpy 
of formation of H.O;(I) is — 187,583 ki‘kemol. 
Ans, 38.66 kW, — 83.3 kW 


500 kPa » 
2550 А 500 К P 
500 kPa 1 ^ Gas 
~. . generator — и’ 
нг Оз — - Turbine 
100 kPa 
Fig. P 16.22 


Ап intemal combustion engine burns liquid octane and uses 150% theoretical 
am. The air and fuel enter at 25°C, and the producis teave the engine exhaust 
parts at 900 К. 1n the engine 80% of the carbon burns to CO, and the remainder 
bums to СО. The heat transfer from this engine is just equal to the work done by 
the engine. Determine (a) the power output of the engine if the engine burns 


— [m 


Compressible Fluid Flow 


А fluid is defined as a substance which continuously deforms under the action of 
shearing forces. Liquids and gases are termed as fluids. A fluid is said to be 
incompressible if its density (or specific volume) does not change (or changes 
very little) with а change in pressure (or temperature or velocity). Liquids 
аге incompressible, A fluid is said to be compressible if its density changes 
with a change in pressure or temperature or velocity. Gases are compressible. 
The effect of compressibility must be considered in flow problems of gases. 
Thermodynamics is an essential tool in studying compressible flows, because of 
which Theodore Von Karman suggested the name ' Aerothermodynamics' for the 
subject which studies the dynamic of compressible fluids. 

The basic principles in compressible flow are: 

(a) Conservation of mass (continuity equation) 

(b) Newton's second law of motion (momentum principle) 

(c) Conservation of energy (first law of thermodynamics) 

(d) Second law of thermodynamics (entropy principle) 

(e) Equation of state. 

For the first two principles, the student is advised to consult a book on fluid 
mechanics, and the last three principles have been discussed in the earlier chapters 
of this book. 


17.1 Velocity of Pressure Pulse in a Fluid 


Let us consider an infinitesimal pressure wave initiated by a slight movement of a 
piston to the right (Fig. 17.1) in a pipe of uniform cross-section. The pressure 
wave front propagates steadily with a velocity c, which is known as the velocity 
of sound, sonic velocity or acoustic velocity. The fluid near the piston will have a 
slightly increased pressure and will be slightly more dense, than the fluid away 
from the piston. 


= М, 
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(b) 


Fig. 17.1 Diagram illustrating sonic velocity (a) Stationary обзетоет, (8) Observer travelling 
тїй the waw front 


To simplify the analysis, let the observer be assumed to travel with the wave 
front to the right with the velocity c. Fluid flows steadily from right to left and as 
it passes through the wave front, the velocity is reduced from c to c-d V. At the 
same time, the pressure rises from p to p + dp and the density from p to p + dp. 

The continuity equation for the control volume gives 

ріс = (р + dp) A(c — dV) 
pe =pe-pd¥+cdp—dp- dV 
Neglecting the product dp - dV, both being very small 
рау = сір (17.1) 
The momentum equation for the control volume gives 
Lp (р + ар) А = w [(e - dV) - c] 
-dp A = pde (c - dV — c) 


dp -pcdV (17.2) 
From Eqs (17.1) and (17.2) 
dp 
—— = о 
Б 7, Р 


„= fae 
4р 


Since the variations in pressure and temperature are negligibly small and the 
change of state 15 so fast as to be essentially adiabatic, and in the absence of any 
internal friction or viscosity, the process is reversible and isentropic. Hence, the 
sonic velocity is given by 
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c= ЕЗ! (17.3) 


Mo fluid is truly incompressible, although liquids show little change in density. 
The velocity of sound in common liquids 15 of the order of 1650 m/s. 


17.1.1 Velocity of Sound in am Ideal Gas 


For an ideal gas, in an isentropic process 
ру? = constant 
от -Р = constant 
p! 
By ioganthmic difTerentiation (1.6., first taking logarithm and then difTerentiating) 
ЧР ,4Р 9 
р р 
d 
ір,» 
dp р 
. dp 
$ 22 — and p= p RT 
ние € dp Р-Р 
сі-үйтТ 
OT c= YRT (17.4) 
where R —charazcteristic gas constant 
_ Universal gas constant 


Molecular weight 


The lower the molecular weight af the fluid and higher the value of y, the 
higher is the sonic velocity at the same temperature. с 15 a thermodynamic 


property of the fluid. 


17.1.2 Mack Number 


The Mach number, M, is defined as the ratia of the actual velocity V to the sonic 
velocity c. 


Af = Y 
с 
When М> 1, the flow is supersonic, when M < 1, the flow is subsonic, and when . 


Af = 1, the flow is sonic. 


17,2 Stagnation Properties 


The isentropic stagnation state is defined as the slate a fluid in motion would 
reach if it were brought to rest isentropically in а steady-flow, adiabatic, zero 
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work output device. This is lhe reference state in a compressible fluid flow and 15 
commonly designated with the subscript zero. The stagnation enthalpy А, 
(Fig. 17.2} is related to the enthalpy and velocity of the moving fluid by 


2 
Қ-А M (17.5) 


—& 


Fig. 17.2 Stagnation state 


For an ideal gas, A = A(T) and c, is constant. Therefore 
Ay — A = c (Ty Г) (17.6) 
From Eq. (17.5) and (17.6) 


2 
c(a- T) = T 


1 
Т 22,Т 
The properties without апу subscript denote static properties. 
Since op = YR 
y-! 
% YD 
T 2Y RT 


Using Eq. (17.4) and the Mach number 
^ “14 — м: (17.7) 


The stagnation pressure рл is related to the Mach number and static pressure in 
the case of an ideal gas by the following equation 


үңҮ-1) _ теу 1) 
Po (> =(14 2% м?) (17.8) 
р Т 2 
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dp 
-—— <0 17.12 
ж dV (14.12) 


As pressure decreases, velocity increases, and vice versa. 
The continuity equation gives 


w=pdV 
By os differentiation 
dp 04 ЧУ _( 
р y v 
dA __ dV dp 
А У р 


Substituting from Eq. (17.11) 
4 9 
dA = 2р 8р _ dp 1-у: A 


A РУ p pv dp 
dd ар 

or Fl (1 - M^) (17.13) 
dd _ dv 

Also uw D> (17.14) 


When Af < I, i.e., the inlet velocity is subsonic, as flow area А decreases, the 
pressure decreases and velocity increases, and when flaw area 4 increases, 
pressure increases and velocity decreases. So for subsonic flow, a convergent 
passage becomes a nozzle (Fig. 17.48) and a divergent passage becomes a 
diffuser (Fig. 17.45) 

When Af > 1, Le, when the inlet velocity is supersonic, 25 now area 4 
decreases, pressure increases and velocity decreases, and as flow area А 


M«1 c M«1 2] 

x ж 

Subsone ^ —— | M qm 
Ш“ Too. 


(8) Nazzle ib} Diffuser 
M<1 D> M«1 T - - – в- 
Superson| ^ Supersonic _ 
—_ | 


(c) Diffuser (d) Nozzle 
Fig. 17.4 Effect of area change in subsonic and supersonic flaw at inlet {а duct 
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increases, pressure decreases and velocity increases. So for supersonic flow, a 
convergent passage is а diffuser (Fig. 17.4c) and a divergent passage is а nozzle 
(Fig. 17.44). 

17,4 Critical Properties-Choking in Isentropic Flow 


Let us consider the mass rate of flow of an idea! gas through a nozzle. The flow is 


isentropic 


w-pAV 
Nul PouMI P. fy RT. M 
oF A RT "7r" 


E [i 
= Р-р 2 , Ум 
Po T ТЕ 


-yY7Y-l1 12 
(RJ (R^ we Ром 


T T ЧТ, R 
_ |7 Po М 1 
= | - (17.15) 
/ — (үзіргіу-і 
к vio (1 + I— м?) 


Since ps, T5, Y and А are constant, the discharge per unit area w/4 is a function 
of M only. There is a particular value of M when wid is a maximum. 
Differentiating equation (17.15) with respect to M and equaling it to zero, 


d(w/4)  |Y Ро l 
— Ттт d 
dM МӘТЕН 


COE 


NEIN 
ДІ м } 
МЧу+1) =2+(y- 1) MP 
М? = | 
or М =1 
So, the discharge w/4 is maximum when M = |. 


Since V = cM — J'Y RT . М, by logarithmic differentiation 
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For diatomic gases, like air, y= 1.4 


ж L.470.4 
Р_ = ЕЗ = 0,528 
Po - 


The critical pressure ratio for air is 0.528. 
For superheated steam, у= 1.3 and p*/p, is 0.546. 


For air, I*. 0.833 
1 
« И-П ` 
and 2 (2) = 0.634 
Po yt! 
By substituting M = | in equation (17.15) 
м. | Poo 
А” 2 JT. | 1+0 (17.21) 
TE) 


Dividing Eq. (17.21) by Eq. (17.15) 


ПОЛЕ 


The area ratio.4/4* is the ratio of the area at the point where the Mach number 
is M io dhe throal area A*, Figure 17.5 shows a plot of 4/4* vs. M, which shows 
lhat a subsonic nozzle is converging and a supersonic nozzle is diverging. 


| 


| 
0 1 
0 05 10 15 20 25 30 


— Ы 


Fig. 17.5 Area ratio ағ a function of Mach number in an isentropic пише 
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(y+ Ty2U 71 ы 
— (17.22 
| M ( ) 


4 


ем 


- 
|2 


17.4.1 Dimenstoniass Velocity, М” 


Since the Mach number М is not proportional to the velocity alone and it tends 
towards infinity at high speeds, one more dimensionless parameter Ае is often 
used, which is defined as 


Ме == (17.23) 
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where c*= J¥RT* =¥* 
- ие У. с? 
"t е” ~ с? cn 
= =. с? 
сі 


For the adiabatic flow of an ideal gas 


ү? 
> +c T = constant = Ay = с} 


2 y-1 7-1 
ү” + с? _ cà 
2 y-I 7-1 


: УҺ [RS (уы 
Since с“ ЕТ" VT* | 2” 


—— „— ж ---------- 


Ytl е 
м“ = — ү (17.24) 
i+ M* 
2 
When M « |, Mt <] 
When M>1, M*»1 
When M =l, Mt = 
When Af = 0, M* = 0 
When Meo, М*= Hl 
y-1 


17.4.2 Pressure Distribution and Choking іп a Nozxle 


Let us first consider a convergent nozzle as shown in Fig. 17.6, which also shows 
the pressure ratio p/p, along the length of the nozzle. The inlet condition of the 
fluid is the stagnation state al py, Ға, which is assumed to be constant. The 
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h 


Fig. 17.11 Fanno fine on -s diagram 


Let us next consider the locus of states which are defined by the continuity Eq. 
(17.25), the momentum Eq. (17.26) and the Ед. of state (17.29). The impulse 
function in this case becomes 


F=pA+ pAv? 
ar the impulse pressure d is given by 
F 2 С? 
I=- =pt+ p¥°=pt+ — 17.31 
4 РУР ae. (17.31) | 


Given the values for Fand С, the equation relates p and p. The line representing 
ihe locus of states with the same impulse pressure and mass velocity is called the 
Rayleigh line. The end states of the normal shock must lie on the Rayleigh line, 
since Г, = /,, and G, = G,. 

The Rayleigh line may also be drawn on theA-s plot. The properties upstream 
of the shock are all known. The downstream properties are to be known. Let a 
particular value of V, be chosen. Then p, may be computed from the continuity 
equation (17,25) and p, fram the momentum equation (17.26), and s, from 
equaiion (17.29b) may be found. By repeating the calculations for various values 
of Fy the locus of possible states reachable from, say, state х may be plotted, and 
this is the Rayleight line (Fig. 17.12). 

Since the normal shock must satisfy Eqs (17.25), (17.26), (17.27), and (17.29) 
simultaneously, the end states x and y of the shock must lie at the intersections of 
the Fanno line and the Rayleight line for the same G (Fig. 17.12). 

The Rayleigh line is also a model for flow in a constant area duct with heat 
transfer, but without friction. 

For an infinitesimal process ш the neighbgourhood of the point of maximum 
entropy (point а) on the Fanno line, from the energy equation 


dh + Үау = 0 (17.32) 
and from the continuity equation 
pdV-- Vdp-0 (17.33) 


From the thermodynamic relation 
Tds = dh — ydp 
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-^ 
^. 
» 


~= Fanno line 


= Rayleigh line 


-----%х-5 


Fig. 17,12 End states af a normal shock оя А-у diagram 


ot "i (17.34) 


By combining Eqs (17.32), (17.33), (17.34) 


SP + y(- Мёр 
р 


or Ұш ЕЗ ‚ since the flow ts isentropic. 
др), 

This is the local sound velocity. 

So the Mach number is unity at point a. Similarly, it can be shown that at point 
b on the Rayleigh line, M = 1. It may also be shown that the upper branches of the 
Fanno and Rayleight lines represent subsonic speeds (M « 1) and the lower 
branches represent supersonic speeds (M > 1). 

The normal shock always involves a change from supersonic to subsonic speed 
with a consequent pressure rise, and never the reverse. By the second law, entropy 
always increases during irreversible adiabatic слапре. 


17.5.1 Normal Shock т an Ideal Gas 


The energy equation for au ideal gas across the shock becomes 
2 2 


а БР” ӘЖЕ 
Cp (17-29 = Т, + > = бр 1, 
Substituting e=- с, = YRT, „апіс, = /УЁТ, 


= 
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о А 7 (17.41) 

T, (укім м: | 
2(y - 1) 

Then 
Ру = Ру ia 
h R 
из 0 ма 
„АР - y yo (17.42) 
м) [ м -1) 

2 7-1 


The ratio of the stagnation pressures 15 a measure of the irreversibility of the 
shock process. Now 

Poy, Роу Ру Ру 

Pox Py Ға Го 
and 


кз = (1+7 “ay 


Р, 2 7 
=t уҢү-1) 
P. 2 7 
YHY-1) — | 
` rrt : 2.08 $70 
› Роу _ м-н 
Ры |ү+ї—1 м 7+1 ^ y+i 
20-5 . 
(17,43) 
Рау _ Poy Ру 
P, P, Py 
AY-1) 
(i 22 m) ! |27. м: - 1-1] (17.44) 


Por different values of M,, and for y= 1.4, the values of M, рур, ТИТ, рр», 
Pey Pon 304 р.у/р, computed from Eqs (17.39), (17.40), (17.42), (17.43), and 
(17.44) respectively, are given in Table D.2 in the appendix. 

To evaluate ihe entropy change across the shock, for an ideal gas 
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T, 
г, sy~s, =¢,ln— -R in 22. 
1, Р. 
Т (Т-ТУ 
= ср [ $ ІП ca 
1, Р, 
-1 
since 7-1 
7 
7/7, 


Т.Т 
= ср ln ——* | =—Fln 


(7-1 
(р oy! Pox ) 
The strength of a shock wave, P, is defined as the ratio of the pressure increase 
to the initial pressure, i.e. 


Poy 


(17,45) 


Pox 


р= РУ Ps 2 a 

В Pi 
Substinuting from Eq. (17.40) 

27 Qa Yol] 
уы * 7+1 
27 2 

=—+— (M+ -1 17.46 
y*1^ x— 1) ( ) 


17.6 Adiabatic Flow with Friction and Diabatic Flow | 
without Friction 


It was staied that the Fanno line representing the stales of constant mass velocity 
and constant stagnation enthalpy also holds for adiabatic flow in a constant area 
duct with friction. For adiabatic flow the entropy must increase in the flow direc- 
tion. Hence a Fanno process must follow its Fanno line to Ше nght, as shown in 
Fig. 17.13. Since friction will lend to move the stale of the [uid to the night on the 
Fanno line, the Mach number of subsonic [lows increases in ihe downstream 
section (Fig. 17.13}, and in snpersonic flows friction acts to decrease the Macb 
number. Hence, іпспоп tends to drive the flow to the sonic point. 

Let us consider а short duct with a given Ay and С, i.e. a given Fanno line with 
a given subsonic exit Mach number represented by point 1 in Fig. 17,13, If some 
more length is added to the duct, the new exit Mach number will be increased due 
to friction, as represented by, say, point 2. The iength of the duct may be further 
increased ull the exit Mach number is unity. Any further increase in duct length is 
not possible without incurring a rednction in tbe mass flow rate. Hence subsonic 
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Fig. 17.13 А Fauna fine on А-г plot 


flows can be choked by friction. There ts a maximum flow rate that can be passed 
by a pipe with given stagnation conditions. Choking also occurs in supersonic 
flow with friction, usnally in а very short length. Tt is thus difficuli to use such 
flows in applications. 

Diabatic flows, ie. flows with heating or cooling, in a constant area duct, in 
the absence of Friction, can be treated hy tbe Rayleigh process (Fig. 17,14), The 
process is reversible, and the direcuon of entropy change is determined by the 
sign of the beat transfer. Heating а compressible flow has the same effect as 
Friction, and the Mach number goes towards unity. Therefore, трете is а maximum 
heat inpul for a given flow rate which сап be passed by the duct, which is then 
choked. Although the cooling of the fluid mcrenses the Now stagnation pressure 
м я decrease in entropy, a nommechanical pump is not feasible by cooling a 
compressible flow, because of the predominating effect of friction. 


Fig. 17.14 A Haylesgh line on h-s pilot 


SOLVED EXAMPLES 


Example 17.1 А stream of air flows in a duct of 100 mm diameter at a rate of 
i kg/s. The stagnation temperature is 37°C. At one section of the duct the static 
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т Til, 0.89644 

Е БІР" 3.46 

Қ RIiF* 10284 

ру = 1.447 x 0.18 = 0.26 MPa 


7, = 1.011% 310 = 344.4 K=71,3°C Ans, 
Impulse function at inlet 


Py = pid, + py, vi 


1 4 
= pd, | + Rr 2 


=p, A (1 + yM) 
= 0.18 x 10 x IHE + 14x 0.762) 
= 35.82 kN 
Internal thrust T will be from right to left, as shown in Fig. Ex. 17.2 
Ты = Р - Е = 3.364 Е-Е 
= 2.304 x 35.82 
= 84.68 kN 
External thrust is from left to right 


Тыз = Polis — di) 
= 0.1 x10 (0.44 – 0.11) 
'233 kN 
Net thrust = Tint — Text 


= 84.68 — 33 = 51.68 kN Ans. (c) 


Exampie 17,3 Aconvergent-divergent nozzie has a throat area 500 mm? and 
an exit area of 1000 mm”, Air enters the nozzle with a stagnation temperamre of 
360 K and a slagnation pressure of 1 MPa. Determine tbe maximum flow rate of 
air that the nozzle can pass, and the sialic pressure, static temperature, Mach 
number, and velocity at the exit from the nozzle, if (a) the divergent section acts 
ag а nozzle, and (b) the divergent section acts as a diffuser. 


Solution 


From the isentropic flow tables, when 44/4* = 2 there are iwo values of the 
Mach number, one for supersonic flow when the divergent section acts as a 
nozzle, and the other for subsonic flow when the divergent section acts as a 
diffuser, which are M, = 2.197, 0.308 (Fig. Ex. 17.3). 


Compressible Fluid Flow —— 719 


2 Ф 


Fig. Ex. 17.3 


(а) When M, = 2.197, 22 = 0,0939, 22 = 0.5089 
Ро % 


P- = 0.0939 x 1000 = 93.9 kPa 
Г, = 0.5089 x 360 = 183.2 К 


в. = 4T RT, — 20.045 183.2 
= 271,2 m/s 


: V, = 271.2 x 2.197 = 596 mis Ans, 
Mass flow rate 


w= A" р* V = py Ay Vj- p, A, V, 


+ * 
Far air Р" 10.528 and — = 0.833 
P» "m 
* 
"ELEM D m 
RT*  0287X0833x 360 
T* = 360 x 0.833 = 300 К 
V+ = KY RT * = 20.045 4300 
= 347.2 m/s 
w= (500 x 105) x 6.13 x 3472 
- 1.065 kg/s dini. 
(b) When M = 0,308, E. - 0.936, E = 0.9812 
ü 


0 
pa = 0.936 x 1000 = 936 kPa 


Г. = 0.9812 x 360 = 353.2 К 


сәз J¥RT, = 20.045 (353.2 = 376.8 пуз 


V, = 376.8 x 0.308 = 116 m/s 
w= 1,065 ke/s Ans. 
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Example 17.4 Whena Pitot tube is immersed іл а supersonic stream, a curved 
shock wave is formed ahead of the Pitot tube mouth. Since the mdius of the 
curvature of the shock is large, the shock may be assumed to be a normal shock. 
_ After the normal shock, the fluid stream decelerates isentropically to the total 
pressure P at the entrance to the Pitol tube. 

A Pitot tube traveling in a supersonic wind-tunnel gives values of 16 kPa and 
70 kPa for ihe static préssure upstream of the shock and the pressure at the mouth 
of the tube respectively, Estimaie the Mach number of the tunnel. Ifthe stagnation 
temperature із 300°C, calculate the static temperature and the total (stagnation) 
pressure upstream and downstream of the tube. 


Solution With reference to the Fig. Ex. 17.4 
p, = 16 kPa, ро, = 70 kPa 
Ру _ 70 


+з — = — = 4,275 
| Py 16 


Frort the gas tables for normal shock 


Pam Curved shock font 


--тғ 
арсы р ,-Рюше 
= 
Fig. Ex. 174 
When Po) 24375, М. = 1.735, 27 - 334, РУ =2.25 
Ру, Рх x 
“Y = 1,493, “7 = 0,84, M, = 0.631 
1, оқ 
Т = Т,,= 573 


Tog = (14 2 м2) т, 
=(1+0.2x 3)7, = 1.67, 


1.6 
Т, = 358 x 1.483 = 530 К = 257°C 
Poy 70 
=— = —— = 85.45 kP 
Ра“ 4094 0.84 5 


М, = 1.735 Ans. 
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4, А 
В Ar 2° 225 x 1 193 = 1.582 
4% AA" 18,75 
When 4./4% = 1.582, from the isentropic flow tables, М, = 0.402 Ans. 
£2 = 0.895 
Poy 
р; = 0.895 х 165.3 = [47.94 kPa Ans. 
Loss in stagnation pressure occurs only across the shock 
Pox Poy = 210 - 165.3 = 44.7 kPa Ans. 
Entropy increase, s, — 5, 
= — Е іп Poy. 
Бах 
= 0.287 In 2 
165.3 
= 9.287 x 0.239 = 0,0686 kJ/kg K ANS. 


REVIEW QUESTIONS 


17,1 
17.2 
113 
17.4 


17.5 
17.6 
17.7 


~ 17.8 


17.9 
17.10 


17,11 
17.12 


17.13 
17.14 
17.15 
17.16 
17.17 
17.18 


17.19 


What is a compressible fluid? 

What ше the basic laws in compressible flow? 

How is sonic velocity defined in terms of pressure and density of the fluid" 
Show that the sonic velocity in an ideal gas depends on thé temperature and the 
nature of the gas. 

What is Mach number? 

What is a stagnation state? What do you mean by stagnation properties? 

What gre а nozzle and a diffuser? 

Explatn the effect of area change in subsonic and supersonic flows. 

What do you understand by choking in nozzle flows? 

Show that the discharge through a nozzle is maximum when there is а sonic 
condition at its throat, 

What do you understand by critical pressure ratio? What 15 its value for air? 
Explain Ше effect of arta ratio as a function of Mach number in an isentropic 
nozzle" 

What is M*? 

What is a shock? Where does it occur in a nozzle? 

What is the impulse function? 

What is a Fanno line? Why do the end sites of a normal shock lie on the Fanno 
une? 

What is a Rayleigh linc? Why do the end states of a normal shock also lie on the 
Rayleigh line? 

Where does the local sound velocity occur on the Fanno line and on the Rayleigh 
line? 

How is the strength of a shock defined? 


17.29 
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Explain the occurrence of choking for adiabatic Now with friction and for diabatic 
(low without Friction. 


PROBLEMS 


17.1 


7.2 


17.3 


17.4 


17.5 


17.7 


Air in a reservoir has a temperature of 27°С and a pressure of 0,8 MPa. The air is 
allowed to escape through a channel at a rate of 2,5 kg/s. Assuming that the air 
velocity in the reservoir is negligible and that the Maw through the channel is 
ікстігәріс, find the Mach number, the velocity, and the areca at a зеспоп in the 
channel where Ше satte pressure 15 0.6 MPa. 
A supersonic wind tunnel nozzle i$ to be designed for M = 2, with a throat section, 
ӘЛІ л” in area, The supply pressure and temperature at the nozzle inlet, where 
the velocity is negligible, аге 70 kPa and 47°C respectively. Compute the masa 
flow rate, the exit area, and the Auil properties at the throat and exit. Take 
y= 1.4. 
Ап ideal gas flows inlo a convergent nozzle аі a pressure of 0.565 MPa, a 
temperature of 280°C, and negligible velocity. After reversible adiabatic 
expansion in the nozzle the gas flows directly into à large vessel. The pas in the 
vessel] may be maintained at any specified state while the nozzle supply state is 
held constant, The exit area of the nozzle is 500 mm’, For this gas y= 1.3 and c, 
= 1.172 kJ/kg К. Determine (ау the pressure of the gas leaving the nozzle when 
5 temperature 1$ 2257C, and (b) the vas mass flaw rate when the pressure in the 
vessel is 0,21 MPa. 

Ans, 0.36 MPa, 0.48 kgs 
Air [lows adiabatically through a pipe with a constant area. At point 1, the 
slagnation pressure ts 0,35 MPa апа die Mach number is 0,4. Further 
downstream the stagnation pressure is found to be 0.25 MPa. What 15 the Mach 
number at the second point for subsonic Now? 
The intake duct to an axial flow air compressor has a diameter of 0.3 т and 
compresses air at 10 kg/s. The static pressure inside the duct is 67 kPa and the 
Staghalion temperature is 40°C. Calculate the Mach number im the duct. 

Ans, 0.526 

Show that for an ideal gas the fractional change in pressure across a small 
pressure pulse is given by 


and that the fractional change т absolute temperature is given by 


ат ЧУ 
---- m[y-l]-—— 
Т (7-0 с 
An airplane fics at an altitude of 13,000 т (temperature - 35°C, pressure 18,5 
kPa) with a speed of 180 m/s. Neglecting frictional clfects, calculate (a) the 


eritical velocity of the air relative to the aircraft, and (b) the maximum possible 
velocity af the air relative ta the aircraf. 
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18.1 Basic Concepts 


Energy balances by first law have been made in a variety of physical situations, 
say, іп a feedwater heater or a cooling coil. However, no indication has been 
given regarding the size of the heat exchanger for heating or cooling of a fluid. If 
we consider a steel block heated in a furnace, to be allowed to cool in room air, 
we can estimate the amount of heat lost by the block in cooling by energy balance. 
But how long the cooling process will take place cannot be answered by 
thermodynamics, lt is the science of heat transfer which is concerned with the 
estimation of the rate at which heat is transferred, the duration of heating or 
cooling for a certain heat duty and the surface area required to accomplish that 
heat duty. 

There are three modes in which heat may be transferred: (a) conduction, 
(b) convection and (c) radiation. 

Conduction refers to the transfer of heat between two bodies or two parts of the 
same body through molecules which are more or less stationary. In liquids and 
gases conduction results from the transpori of energy by molecular motion near 
the wall and іп solids it takes place by a combination of lattice vibration and 
electron transport. Іп general, good electrical conductors are also good thermal 
conductors. 

Convection heat transfer occurs because of the motion of a Пи past a heated 
surface-the faster the motion, the greater the heat transfer. The convection heat 
transfer 15 usually assumed 10 be proportional to the surface area in contact with 
the fluid and the difference in temperature of the surface and fluid. Thus, 


Q 7 hA [T,, — 1] 
where A is called the convection heat transfer coefficient, which is a strong 
function of both Поа properties and fluid velocity (W/m K). 


= АМ 
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Radiation heat transfer is the result of electromagnetic radiation emitted by a 
surface because of the temperature of the surface. This differs from other forms of 
electromagnetic radiation such as radio, television, X-rays and y-rays which are 
not related to temperature. 


18.2 Conduction Heat Transfer 


Fourier's law of heat conduction states that the rate of heat flux is linearly 
proportional to the temperature gradient. For one dimensional or unidirectional 
heat conduction, 


ac 

| , dx 

or q-- Eus (18.1) 
dr 

where q is the rate of heat flux in W/m’, 
di/dx is the temperature pradient in " 
x-direction, and Ж is the constant of [p o 
proportionality which is a property of ЖЕ 
the material through which heat is tas 
being conducted and is known as MG y 
thermal conductivity. q 13 a vector к» x 
quantity. The negative sign is being ж f 
used because heat flows from a high to ay q 
a low temperature region and the slope и 
dz/dx is negative. Fig. 18.1 Heat conduction irough a mall 


For a finite temperature difference (f, — f) across a wall of thickness x 
(Fig. 18.1) 
i-t 8-і 
q= ~-K2—1 = К 1—2 Wir’ 
X X 


If 4 is the surface area normal to heat flow, then the rate of heat transfer 
О -4.4-- KA ETH 
X 


ц-! 
ог О = КА += 


Watts (18.2) 


The dimension of thermal conductivity is W/mK, Since фах = q/K for the same 
Ч, if A is low (1.e., for an insulator). дах will be large, i.e., there will be a large 
temperature difference across the wall, and if K is high (1.e., for a conductor), 
di/dx will be small, or there will be a small temperature difference across the 
wall. 
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18.2.1 Resistance Concept 


Heat flow has an analogy in the flow of electricity. Ohm's law stares that the 
current / flowing through a wire (Fig. 18.2) is proportional to the potential 
difTerenee E, or 

E 

R 

where 1/& is the constant of proportionality, and А is known as the resistance of 
the wire, which is a property of the material. Since the temperature difTerence and 
heat Пих in conduction are similar to the potential difference and electric current 
respectively, the heat conduction rate through the wall may be written as 


! R ! 


guru 


Fig. 18.2 Electrical resistance сторі 


f= 


where A= x/K4 is the thermal resistance to beat flow offered by the wall 
(Fig. 18.3). Far a composite wall, as shown in Fig. 18.4, tbere are two resistances 
in series. The slope of the temperature profile depends on Lhe thermal conductivity 
of the material. /; is the interface temperature. The total thermal resistance 


R=R,+R,=—-+— 
КА ҚА 
and the rate of heat flow - 
| 25-5 
ы R 
. X 
M 
h 
t 
R= д ій; 
47. tz 
oe tine 
-a h f 
Fig. 183 Thermal resitdance offered Fig. 18.4 Hesi conduction through 


by a well resistance т series 
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Again, t, -i= Q- R, = 0. —, from which t, сап be evaluated. 


КА 
For two resistances in parallel (Fig. 18.5), the total resistance А is given by 
1 = F + ES or R= RAR 
R А № К + № 
where x =_= 


= and Я 
кА, ^o Kid 
and the rate of heat flow 


h M 
Fig. 18.5 Heat conduction through rerirtance іп parallel 


18.2.2 Heat Conduction through а Cylinder 


Let us assume that the inside and outside surfaces of the cylinder (Fig. 18.6) are 
maintained at temperatures Гу ands, respectively, and f, is greater than t. We will 
also assume that heat is flowing, under steady state, only in the radial direction, 
and there 15 no heat conduction along the length or the periphery of the cylinder. 
The rate of heat transfer through the thin cylinder of thicknesa dr is piven by 


dt 
-.-ҚА--- 
9 dr 
d! 
--k2zrL -—- 18,3 
ne (18.3) 
where L is the lengih of the cylinder. 
Qr [27 di = inc: __0 dr 
I-A к=п ЛАГ F 
ae f4—1,7— In 4 


ПКЕ қ 
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Fig. 18.6 Heal conduction through a cylindrical wall 


_ 2RKL(t —t) 


2 Е (18.4) 
а 2 
ң 
Equation (18.4) can also be written in the following form 
де ec Um) 
(ғ - n)ln пі 
РЫ Or, р 
_ К - 4)0 7 65) 
А 
—rilp = 
(ҙ-ң)іп A, 
where A, and A, are the inside and outside surface areas of the cylinder. 
Q--KA, 2— o Q=-KA,,, B— I (18.5) 
| A Xu 
where An = log-mean area = ата 
Ay 
А 
and х„ = wail thickness of the cylinder 


=t r] 
Here the thermal resistance offered by the cylinder wall to radial heat conduction 
15 


K^ An | 
From Eq. (18.3) 
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Fig. 18.8 Hest conduction through a sphere 
where 4 is the spherical surface at radius г normal to heat flow, 


^ 0--Кӛл” at 
dr 


„ЛА 1.) nr 
Q- 1 2/2 


я 
| ы-і 
ог Q=-KA,,, —— 


T. 


(18.7) 


where 4, m, = geometrical mean area 


= Arr, ғ; 
and х, = wall thickness of the sphere 
“rnor 
Here the thermal resistance offered by the wall to heat conduction is 


КА 


gp 


Thus similar expressions of thermal resistance hold good for flat plate, 
cylinder, and sphere, which are 


_ Xe — Ey | 
Куме 7 p cylinder — КА, апа 
T. 
Rn 7 
um КА 


where & is the thermal conductivity of the wall material. 
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Fig. 18.11 Cooling of a solid бу conuection 


Therefore, 
Heat lost by the solid by convection = Decrease in intemal energy of the solid 
2” d! 
hA(t—t)-72-pcV — 18.13 
P-4AJ)T—p dr ( ) 


where ! is the temperature of the solid, ¢_ is the stream temperature of the ambient 
atmosphere, A is the surface area of the solid, p is the density, c is the specific 
heat, is the volume and r is the time. 

If the solid is initially at 4, we have, 


t= r= 
Integration of Eg. (18.13) gives 
l= te = е ПА type (18.14) 
fo =F. 


If we use dimensionless numbers, viz., Biot number (Вг) and Fourier number 
(FO) defined as: 


Bi = Рі aad FO = 0 
K p 


where L = characteristic length = F/A and @ = thermal diffusivity of the solid 
= Ki pe, 
Equation (18.14) becomes 


5 ею (18.15) 


This lumped-capacity is applicable when the conduction resistance is small 
compared to the convection resistance. In practice, this normally applies when 


A orB <04 (18.16) 


Equation (18.14) can also be expressed in terms of a thermal resistance for 


convection, Ry, = 1/h4, and a thermal capacitance, С, = p c, so that 
ha 1 


бс Ry Ca 
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Fig. 18.17 (c) Рос across a cplindsr 


Re, г n 
04-4 0,989 0.330 
4-40 0.911 0.385 
40 — 4000 0.683 0.466 
4000 — 40000 0.193 0.618 
40000 — 400000 0.0266 0.805 
For flow across в sphere, constant wall temperature: 
Gases: Nu, = 0.37 Re?4 
Waterand ОП: Аы, = [1.2 + 0.53 Ref М] Pr? (18.24) 


Free convection 
Let a fluid at T,, with density p,, change to temperature T with density p. 


Then the buoyancy force, F = РЕ 

Now, let B = coefficient for volume expansion 
1 i 

then — =— + A(T, - T) 
P р, 

or Po =p (1 + B- AT) 

М F=f8.9-AT 

where AF = Tp- T 


For an ideal gas 


The heat transfer coefficient in free convection may be assumed to be a 
function of ihe variables as given below 
h = ДІ, К, Ср» р, H E В АТ) 
By dimensional analysis, the above variables тау be arranged in three non- 
dimensional groups 
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AL ~a [ВАТА | (He) 
K ie K 

or Nu =8-Gr'- Рг? 

where 


Nu = Nusselt number = 22 


3 " 
Gr = Grashof number = eee 


с 
Pr = Prandti number = c 


For a large number of experiments made on fluids it has been found tbat 

exponents а and 5 are of the same value. So the expression reduces to | 
Nu = P. (Gr * Рг)? (18.25) 

L ss the characteristic length, which is the length in the case of a vertical plate 

and cylinder, diameter in the case of a horizontal cylinder, anc radius in the case 


of a sphere. 
For Gr. Pr « 107 the flow is laminar, and 

Nu = 0.59 (Gr. Pr)!" (18.26) 
and for Gr. Pr > 10°, the flow is turbulent, and 

Nu = 0.13 (Gr. Рт)! (18.27) 


18.4 Heat Exchangers 


A heat exchanger is a device in which heat 1s transferred between two moving 
fluids. 

Heat exchangers may he parallel flow, counterflow or crossflow, depending 
upon the direction of the motion of the two fluids. If both the fluids move in the 
same direction, it is a parallel flow beat exchanger. If the fluids flaw in the 
opposite directions, it is а counterflow heat exchanger. If they flaw normal to 
each other, it is a crossflow heat exchanger. 


18.4.1 Parailel Fow Heat Exchanger 


Let us assume that the cold fluid (subscript с) is Mowing through the inner tube 
and the hot fluid (subsenpt A} is flowing through the annulus. The hot fluid enters 
а", and leaves at fa, while the cold fluid enters at г.) and leaves at f.s. Let us 
consider a differential Jenpih dL of the heat exchanger, as shown іп Fig. 13.13, 
where the hot fluid is at f, and the cold fluid is агл, and the temperature difference 
between the two fluids is Ar {= ty — f) АТ varies from Ді, at the inlet to Ar, ai the 
exit of the heat exchanger. Let dO be the rate of heat transfer in that differential 
length. Then by energy balance. 
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ог ЖА), gay at 
Hs 
А, А) - 
- Ju At = [ 5 Us dde 
At 
„э іп AL = My Us А, 
Substituting the expression for jr, 
At Ar, — At, 
In А, ^7 " Us А, 
Ar, — Af, 
Q- PEN Ug Ap 
Аз, 
Q = Uy Ay Ай, 
= ть Ch (ы - #2) 
= т Colla — fy) (18.28) 
where åt m, = log-mean temperature difference (LMTD} 
At, — Ағ 
In 29 
At, 
and 1 1 + 1 


Udo hA, КА %4, 


18.4.2 Counterflow Heat Exchanger 


The two fluids flow in opposite directions (Fig. 18.19). In the differentiai length, 
the rate of heat transfer 
40 =— m, c, df, 

=- m, c, dt. 

= {1-14 А! 
where both Чл, and di, are negative for positive x direction (towards the right). 
Now 

Al — f - f, 
d(Ai) = dt, - dt, 
-..9Q , do 


myc, тс. 


where 


aor 


Again 
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s ah 


(ть) = = /- Hol fuid Әт (hp) 
anana co ДЕ 
арааг ——Ó ajs 


— Cold тиісі film (8) 


тысу т.с; 


fis 480 = [| -dQ pe 


li 
Ai, 


At, - At, =. 0 
= At, = Ay. 
о 


dQ = U, 44, At 


"A э. dds lt 


c 


а(А 
- A - | Up dA, - He 
Al; At — М 
In Ar, = Uo" 40 - He = Uo y О 
Q = Up Ag Atia, 


M. 


where 
А-А 
Аи, | t 
n 
Ақ 
Al, = thy а, Ate = tha — fel 


= 


"ER ЧТР. 
Up ds hA А №4 


and when x, is small, 


ER = LS põse gl 
Us h, Ky iy, 
Q = Us dg Atim 
= Bt Cy (h — hh) = mecha t) (18.29) 


For the same rate of heat transfer, and inlet and exit temperatures, (A m.) 
counterflow is greater than (Af, ,, ) parallel flow. So the surface area required is 
less for counterflow operation. For parallel flow, fy > ta, 1.е., the hot fluid cannot 
be cooled below t or the cold fluid cannot be heated above г. But for 
counterflow operation, 4,; may be less than r, which means that the hot fluid can 
be cooled below 1,» or the cold fluid heated above 1,5. For these reasons, 
counterflow heal exchangers are much more common in practice. 

When one of the two fluids undergoes phase change (ai constant temperature 
and pressure), e.g., condensation and evaporation, Af, ,, is the same for parallel 
flow and counterflow (Fig. 18.20), and the heating surface required ts also the 
same. 


(е; | к к Evaporation 
NEN CD | --” 
Fig. 18.20 Heat transfer with phase change 


18.4.3 e-NTU Method 
In a heat exchanger, the rate of heat transfer 


О = my, Ch ['n, 5 ы = Pm, lt, їс] = Us Ag ба, 
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ЕА, Wnr 


T increasi 
4 4 "9 


ғ 


J 
5 


о ! — = 


А ar 


Lm 
Fig. 18.21 Aadiation inizzrity ҒА narying with À and T. 


where My. сы Me Co fap fe, and Uo are usually given. Two tasks are mostly 
encountered; 
1. To estimate the surface area required (Ар). 
Then either t, or f, is given. We can use the LMTD method to find Ар. 
2. For a given heat exchanger (і.е. Æg), to estimate the exit temperature f, 
and t, . 

We cannot finds, and t. directly by the LMTD method. We have to use trial- 
and-error method. Assume fep find Q, 1, АТ m, and then С’. ГО’ # О, assume 
another t, ‚ and гереді calculations tili -Q 

МТ method can here be easily used. We introduce three terms in this 
regard. 


(a) Heat capacity ratio, R = (тс), _ Cn. „(< 1) 
(mc), Cmax 

where (тс), = smaller value of тұс, and т.с. = Спи 

and (mc), = larger value of the two тус, and т.с. Cmar 
Actual heat transter 


Effectiveness, £ 2 ————— ——— ——— ———— 
(5) Maximum possible heat transfer 


In а counterflow heat exchanger, е.р., (f Jug = fc, ОГ, лы = fn: 


_ т, Ch (4, = th, } = т, Сс (r., = ta) 


= = [|] 
(ntc), (^, - te} (тс), (^, т f.) l ) 
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When one of the two fluids undergoes phase change, К = 0. Then, 
e=6=1-e5™ (18.33) 
For a balanced heat exchanger, mc, = тс, 
R= 1, At = At, = An, 
fh, ~ fn; - bey ~ К, ог, б, ~ be, M ің, 7 15, 
Us Ao АН п, = Gord а, — 15,7 m eh 7 f) 
= (mc), (f, — t.) 


Еш кт fog = ің Б fh 
fay T fa (fi, Е f, ) * (th, Fy ) 
NTU(1,, - 1.) NTU 


185 Radiation Heat Transfer 


All bodies radiate heat, The phenomenon is identical to the emission of light Two 
similar bodies isolated together in а vacuum radiate heat to each other, but the 
colder body wilt receive more heat than the hot body and thus become heated, 

If Qs the total radiant energy incident upon Ше surface of a body some part of 
it (Q,) will be absorbed, some (0) ман be reflected, and some (Qj) will be 
transmined through the body. Therefore, 


0-0,50,%0, 
аг Be GE -1 
or п+р+т=] 


where @ is known as absorptivity, p as reflectivity, and t as transmissivity. For 
an opaque body, т — 0 and œ+ p= 1. Most solids are opaque. 

A body which absorbs all the incident radiation 15 called a black body. A black 
body is also the best radiator. Most radiating surfaces are grey and have an 
emissivity factor € less than unity, where 


_ Actual radiation of gray body at TK 
Radiation of a black body at 7 К | 
It can be shown that the emissivity or ability to radiate heat is equal to the 
absorpiivity or ability to absorb heat (Kirchhoffs law), which justifies the 


statement Lhat good absorbers are also good emitiers. A brightly polished surface 
will have a low absorptivity and low emissivity. 


€ 


= 
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The rate at which energy 1$ radiated by a black body at temperature 7 (К) is 
given by a Srefan-Holt-mann law 


О = aAT" 
where 0 = rate of energy radiation, W 
А surface area radiating heat, m* 


and g = Stefan-Boltzmann constant = 5.67 x 10 5 Wim" К^ 

Lf ihe radiation from а heated body is dispersed into a spectrum by a prism, it is 
found that the radiant energy is distributed among various wave lengths. The teta! 
emissive power of a body, E, 15 defined as the total energy emitted by the body at 
a certain temperature per unit time and per unit surface area at all wave-lengths. 
The monochromatic emissive power, Ei, 15 defined as the radiani energy emitted 
by a body per unit time and per unit surface area at a particular wavelength and 
temperature. The variation of E, and A and Гіз shown in Fig. 18,21, Ata certain 
temperature, 


Ё = | Е; а, (18.35) 
0 
= Area under the curve at that temperature. 


Thermal radianon extends overt а spectral range of wavelengths from 0.1 um to 
100 utm and the spectral energy distribution of a black body із given by Planck's 
law: 


„24° 
Exs oa (18.36) 


where А = wavelength, uum; T= temperature, A; 
C, = 3.743 x 105 W., (ит те; C, = 1,4387 x 10° шп.К. 


Ey, is called the monochromatic emissive power of a black body. The 
emissivity of a surface is then: 


. E. (18.37) 
Ев 
where Ej is the tota] emissive power of a black body. A gray body has the 
monochromatic emissivity, £,, constant over all wavelengths. 
E 
Е = А = constant for a gray body (18.38) 
Lin 

Real surfaces are not gray and have a jagged emissive power distribution as 
shown in Fig. 18.22. 

The actual radiant energy transfer between two bodies depends upon the 
(1) two surface temperatures, (11) the surface emissivities, and (iii) the geometric 
oricnlation of the surfaces, i.e., how they view each other, А radiation shape 
factor Гу (or view factor) is defined as the fraction of energy leaving surface 1 
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| 
| 
| 
Е so 
Е | 
5 250} T= 1922 K 
a | ж В.е = 1 (Blackbody} 
$ 150 М ^ A t £z 0.6 (Gray body} 
E , 
a "| Heal surface 
Ps 
| i Ux 
^^ A L0 
0 1 — рр р р ры [[ЩШШПррркр т 
1 2 3 4 5 8 


Waeatengin А, pan 
Fig. 18,22 Comparison of ideal blackbody, grap body and тілі surface 


and reaching surface 2. Similarly, F, is the fraction of energy leaving 2 and ' 
reaching 1. It can be shown that 


AF, = AF (18,39) 
which 1s known as the reciprocity theorem. 
The total emussive power of a black body is given by: 


a= ја 4А= | St das or 


which 18 the Stefan-Boltemano law, 25 stated earlier, 
Charis of F, for three geometries are shown in Figs 18.23, 18.24 and 18.25. 
In estimating radiant heat transfer from pray surfaces, two terms will be 
introduced. 
Radiosity (7) = total energy leaving a surface per unit area and per unit time 
(sum of emitted and reflected energies) 
Irradiation (С) = total energy incident on a surface per unit area and per unit 
time. 
The energy balance for the gray body (Fig. 18.26) assumed to he opaque 
(f — 0) gtves: 
J-gE,* pO = ЕЕ + (1— £)8 
G -[J- £Eg)/[1 - Е] 


9.1 


Fig. 
0.7 


06 


095 


F4-2 


0.15 0.2 0.5 1.0 1.5 2 0.5 10 20 
Ration X/D 


18.23 Radiation shape factor for radiation between parallel rectangles 


Баба YA = D.1 


0 | 
01 018 02 08 10 18 2 5 10 
Ratio ZIX 
Fig. 18.24 — Radiation shape factor for radiation between perpendicular rectangles with а 


common едіге 


M 
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Bog 
Fig. 18-27 — Surface resistance in radiation mehoork 


Let us now consider the exchange of radiant energy by two surfaces 4, and 4, 
(Fig. 18.28). Of the total radiation which leaves the surface |, the amount thet 
reaches surface 2 is Ју А, 22, and cf the total energy leaving surface 2, the 


amount that reaches surface 1 is J, 4 Р. 
d 
d. 
i 


Fig. ІВ28 Redisiion interaction Ребосеп hwo gray surfaces 


M d 


The net energy interchange between two surface is; 
Qi-2 =F Ay Fn- Jy Ел А, 
Jd- 
= -AMH F= — 
(Л-.АМ Е ТҮҮ 
The denominator 104, Fia} is called the “space resistance" and Ше numerator 
(Ji =.) 15 the potential difference, as shown in Fig. 18.29. 


(18.41) 


A A 


Ld 
AiFiz 
Fig. 18.29 Space resirtanes in radiation network 


Figure 18.30 shows a network which represents two surfaces exchanging 
radiative energy with each other. 


ЕВ. 04-2, JA d Q1-2 Ев 
j- E 1 = еҙ 
Ase MF A262 


Fig. 18.30 — Radiation network for furo gray surfaces 
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Rate of heat wansfer by radiation 
о, zi TA) Fia (T, т Ti) = AL Atty ~ tr) 
where Я, is known as Ше radiation heat transfer coelTicient. 


a h, -о7,.2(7,%17)(7%,% Тї) (18.48) 
Total rate of heat transfer 
Q7 Q. * C, 7 (A, + Aj A(t, In) (18.49) 
SOLVED EXAMPLES 


Example 18.1 А cold storage room has walls made of 0.23 m of brick on the 
outside, 0.08 т of plastic foam, and finally 1,5 cm of wood on the inside. Тһе 
outside and inside air temperatures аге 22°C and — 2°C respectively. If the inside 
and outside heat transfer coefficients are respectively 29 and 12 W/m’ K, and the 
thermal conduetivities of brick, foam, and wood are 0.98, 0.02, and 0.17 W/mK 
respectively, determine (a) the rate of heat removed by refrigeration if the total 
wall area is 90 mê, and (b) the temperature of the inside surfaee of the brick. 


Solution Figure Ex. 18.1 shows the wall of the cold storage 


ЕТЕ ouis d у ТЕ А 
U қ қ А % d 
-І.20ҘіГ,%8 15 1 
12 098 0.02 100x017 29 
a = 0.0833 + 0.2347 + 4.0 + 0.0882 + 0.0345 
= 4,4407 m^ K/W 
X ж | Ха 


ETA 


а н Re Ry Ry ғы Я 
Fig. Еж. 18.1 
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_ 6.28 X 50 x 15 
0.3443 + 0.7092 + 0,3448 + 0.6410 
| 2.334 kW Ans. 
Example 16.3 Three 10 mm dia. rods 4, В and C protrude from a steam path at 
100°C to a length of 0.25 m into the atmosphere at 20°C. The temperatures of the 
other ends are found to be 26.76°C for А, 32.00°C for A and 36.93°С for С. 


Neglecting the effects of radiation and assuming the surface film coefficient of 
23 W/mK, evaluate their thermal conductivities. 


= 2334 W 


І 


Solution If the tip loss is neglected, the tip temperature №, is given by 


fj fu І 


п-т cosh m’ 


For rod 4, 
2676-20 _ 6.76 1 
cosh mi = 11.8 
or, mi = 3.16 
12 
m= 26 = 12.64 = [A 
0.25 KA 
Here, Pendand d= d 
2IXAXOOLK 4 4 
———— ——À— = (12.64 
K X8 X001 X 0.01 ( ) 
К, = 57.58 W/mK dns. 
For rod В, 
32-20 12. 1 
100-20 80  cosh mi 
cosh m/ = 6.67 
ті = 2.6 
2262. [| 23xaxo01xa 17 
ог, т= 0 =104=| —— 555 АЯ 
0,25 Kxmx001x0.01 
9200 
Ks = —— = 85.2 WimK Ans. 
в (104p 
Forrd C | ——l— = 36.93 – 20 . 16.93 
cosh m 100 – 20 80 
cosh mi = 4,73 
Of, ті = 2.23 


or, т = 1.23/0.25 = B.92 
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in 30 min? The peas are supposed to have an average dia. of 8 mm. Their density 
is 750 kg/m? and specific heat 3.35 kJ/kgK. 


* Solution From Eq. (18.14) 


Here, 


(c) 


fo _ g (Manip ct) 


3 
ру _ 250 х4л (4!2)° _ 750 d 750 , 9008 _ 


= ——— = —— ұ = IL 
A 3x At (4/2)? 3 2 3 
221, Ват ATO 58х107т 
25-1 per с 3.35 
-3 
j = 58X107 3600 т 
3.35 
т= 0.51 д = 31 min 
14-1. gr (58 х 10-5 x 10 к 6йуз.5 
25-1 
t= 9.5°C 
S-t 25.8 х 107 х 30 x 60335 
25-і. 
„= 41°С 


1 
2 


Ans. (а) 


Ans. (b) 


Ans. (c) 


Example 18.6 Ап oii cooler for a lubrication system has to cool 1000 kg/h of 
oil (c, = 2.09 kJ/kg К) from 80°C to 40°C by using a cooling water How of 1000 
‚ kg/h available at 30°C. Give your choice for a paralicl Пом or counterflow heat 
exchanger, with reasons. Estimate the surface area of the beat exchanger, if the 
overall heat transfer coefficient is 24 W/m? K (ср of warer = 4.18 kJ/kg K). 


Sofution Rate of heat transfer 


fy = rc 


fe, = 30°С 


Ad = 30°С Al, = 10°C 


—_r А, СЇ 


Fig. Ех. 18.6 


- Elements of Heat Transfer —— 763 


Example 18.8 An oil fraction at 121°C is to be cooled at the rate of 20.15 kg/s 
іп à simple counterflow heat exchanger using 5.04 kg/s of water initially at 10°С. 
The exchanger contains 200 tubes each 4.87 m Jong and 1.97 cm o.d., with Оу 
0.34 КУШ Ж. If the specific heat of ой is 2.094 kJ/kgK, calculate the exit 
temperature of the oil and the rate of heat transfer. 


Solution 


т, = 20.15 kgs, cy = 2.094 КИКВ K, f, = 121°C, 
т, = 5,04 kg/s, c, = 4.2 kJ/kg К, г, = 10°C, 
U, = 0.34 kW/mK 
A, =n dp f = 200 x x x 0.0197 x 4.87 = 60.28 m? 
(mc) и = 20.15 x 2,094 = 42.19 КМК 


(mc) мы, = 5.04 x 4.2 = 21,09 KW/K 
Сш, = 21.09 kW: Cna = 42.19 КУК 


R= Crin, .2109 _ 0 
Сы 4219 
NTU = 65% „ 034x 60.28 от) 
Com 21,09 


- l-exp[-NTU(!- R)] . 0.3849 
i - Rexp[-NTU(1- R)] 0,6925 


At 
= 0.5558 = — Pm 


fg, = fa 
Ақ = (AT ua = 0.5558 (021 — 10) 
= 61.69°C 
Аһ, er X (are), er ü 
AT MT = Giddy = 30.84°C = hi — f, 
t, = 121 - 30.84 = 90,16°С 
= exit temperature of oil. Ans. 
С = т Ch [tt — 1.) - 42,19 х 30,84 
= 1308 kW Ans. 


Example 16.9 Water flows inside a tube 5 cm in diameter and 3 m long at a 
velocity 0.8 m/s. Determine the heat transfer coefficient and the rate of heat 
transfer if the mean water temperature is 50°C and the wall is isothermal at 70°C. 
For water at 60°C, take К = 0.66 W/mK, v= 0.478 x 107° m/s, and Pr = 2.98. 


Solution Reynolds number, 


Re = "m D 08% 0.05 
у 0.478 x 10° 
= 83,700 


The flow is turbulent, 
Prandti nomber, Pr = 2.98 i 
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Solution 
Referred to Fig. Ex. 18.12 
A, = rd, = лх 0.10 =0.314 m 
А. = zd, = z x 0.20 = 0.628 т 
l-E 1- 0.65 


--------- = 1,715 
Ay £, 0.314 x 0.65 
l-e, _ 1-04 2230 
А Е, 0.628 x04 
3.19 


AF, 0314х04 _ 
At; АА. Ае; 
= 1,715 + 2.39 + 3.19 = 7.295 
Eg, = СТ! = 5.67 х 10 х (1000) = 5.67 х 10° Wim? 


4 
Ев, = 075 = 5.67 х 10? х (500) = 567x10 


16 
= 0.35 x 10* Wim? 
Ea -E 4 
д =. 232х100) тн у 
УА 7.295 
= 7290 Wim length van 


1 


Fig. Ех. 18.12 


REVIEW QUESTIONS 


т оа 


18.1 How is the subject of Hest Transfer different from the subject of 
Thermodynamics? 


18.2 
18.3 
18.4 
18.5 


18.6 
18.7 


18.8 

|8,9 

[8.10 
18.1] 
18.12 
18.13 
18.14 
18.15 


18.16 


18.17 
16.18 


18.19 


18.20 
18,21 
18.22 
18.23 
18,24 
18.25 


18.26 
18.27 


18.28 
18.29 
18.30 
18.3] 
13.32 
18.33 
18.4 
18.35 


18.36 
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What are the three basic modes in which heat is wansfered? 

Why are good electrical conductors also рікні thermal conductors? 

What is Fourier's law of heat conduction? 

How does the slope of the temperature profile in а wall depend on its thennal 
Conduerivity? 

Show that, for estimating radial heat conduction through a cylindncal wall, the 
log-mean urea of the inner and outer surfaces b & to be considered, 

Show that for estimating radial heat conduction through a spherical wall, the 
geornetric mean area of the inner and outer surfaces should be considered. 
How іс fins affect the heat transfer rate? 

How is fin efficiency defined? 

What is meant by transient heat conduction? 

What is lamped-capaciry analysis? 

What аге Diot number and Founer number? What is thea physical significance? 
What do you understand by natural convection and forced convection? 

How is heat wansfer coefficient defined, What is its dimension? 

What are the Loree resistances offered to heat transfer from опе fluid to another 
ihrough a clean wall? 

What 15 Raynolds number? What is its critical value when the flow through à 
tube becomes turbulent? 

What are Prandt! number and Nusselt number? 

For fully developed laminar Mow in а tube, what are the values of Nusselt 
number (a) Tor constam wail temperature, (b) for constant wall heat Пих? 
What аге the expressions of Nusselt number for (a) laminar flow and (b) 
turbulent flow, over a (Tat рініс? 

What ts Dittus-Boelter equation? Where is it used? 

What is Grashof number? When does it become significant? 

What i5 a heat exchanger? 

Why are counterflow heat exchangers superior to parallel flow heat exchangers? 
What is log-mean temperature difference? 

Why do Ще directions of flows of the two fluids in a heat exchanger become 
immaterial when one of ihe two fluids undergoes phase change? 

When is £-NTU method convenient to usc in beat exchanger analysis? 

Define (a) effectiveness. (b) heat capacity ratio and (с) NTU, іп regard to a heat 
exchanger. 

Denve the expression for effectiveness in a (a) pacalicl (low beat exchanger, 
(b) counter-flow keai exchanger. 

What is lhe expression for effectiveness when one of the fluids undergoes phase 
change? 

Find the expression for effectiveness of a balanced heat exchanger with equal 
heut capacities. 

Define absornivity, гейесііуіну and transmissiviry. 

What is emissivity? What is Kirchhoff 5 jaw? 

What is a black body? 

What is the Stefan-Boltzmann law? 

What is the view factor? Why is it significant in radiant heal exchange between 
iwe bodies? 

What is the reciprocity theorem? 
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18.37 
[8.38 
18,39 
18.30 
18.41 


[8.43 
[8.43 
18.44 


What is a gray body? 

What are meant Бу а} monochromatic етта уе power, (b) total emissive power? 
What is Planck's law of thermal radiation? Explain its importance. 

Define radiosity and irradiation for a gray body. 

Explain (aj surface resistance and (b) space resistance іп radiant energy change 
between two grav bodies. 

Give the radiation network for two pray surfaces and derive the view factor. 
What do you mean Бу “looting node”? 

How would you define the heat transfer coefficient for combined convection and 
radiation? 


PROBLEMS 


18.1 


] 8.2 


18.3 


[8.4 


]8.5 


18.6 


А гоҳип has а brick wal] 23 em in thickness. The Inside air is at 25°C and the 
ouiside air is al ~ 15°C, The heat transfer cocíTicienis on the inside and outside 
are 8,72 and 28 Wim’ К respectively. The thermal conductivity of brick is 
0.7 W/mK. Pind the тазе of heat transfer through the wall and the inside surface 
temperature. 
For the wall in the above problem, 1 i$ proposed to reduce the heat transfer by 
fixing an insulating board (К = 0.03 W/mK), 2,5 cm in thickness, to the inside 
surface, Find the rate of heat transfer and the inside surface temperature. 
Sheets of brass and steel, each 1 cro thick, are placed in contact. The outer surface 
of brass is kept at 10090 and the outer surface of steel is kept at 0°С. What is the 
temperature of the common interface? The thermal conductivities of brass and 
steel are in the ratio 2:1. 

Ans, 66.77 C 
In a pipe carrying steam, the outside surface (15 cm OD?) at 300°C. The pipe is 
to bc covered with insulation {К = (0.07 W/mK) such that the outside surface 
temperature does nai exceed 60°С. The atmosphere is at 25°C and the heat 
wansfer coefficient is 11,6 Wim? E Find the thickness of insulation required and 
the rate of heat loss per m length of pipe. 
The passenger compartment of a jet transponi is essentially a cylindrical tube of 
diameter 3 m and length 20 m. It 35 lined with 3 em of insulating material 
(К = 0.04 Wimk), and must be maintained at 20°C for passenger comfon 
although the average outside temperature is — 30°C at ils operating height, Whai 
Tate of heating is required in the comparament, neglecting the eud effects? 
A hollow sphere {К = 35 W/mK), the inner and outer diameters af which are 
28 cm and 32 cm respectively, is heated by means of a 20 ohm coil placed inside 
the sphere. Calculs the current required to keep the two surfaces at à constant 
temperature difference of 50°C, and calculate the rate of heat supply. 
(a}Develon an expression for the steady state heat transfer rate through the walls 
of a spherical container of inner radius ғ, and outer radius ғо. The temperatures 
are i, and г, at radii zg and p, respectively. Assume that the thermal conductivity 
of the wall varies as 


- А - f-f 
K = Kg + (Ki К) —— 


18,21 


13.22 


18.23 


18,24 
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initial temperature of Ihe ball was 65°С and іп 1.15 min the temperarure 
decreased by 1 1?C. Calculate the heat transfer coe lTiclent for this case. 
[4ns. 37.41 Wim К] 
A cubical piece of aluminium 1 «m on a side is 10 be heated from 50°C to 300°C 
by a direct flame. How long should the aluminium remain in tbe Flame, if Ше 
flame temperature is AHC and the convective heat tmnsfer coefficient 15 
190 W/m"K? For aluminium, take р = 2719 kg/m? and c = 0.871 Wek 
| [Ans 8,36 5] 
The cooling system of an elecuronic package Ваз to dissipare 0.153 kW from the 
surface of an aluminium plate 100 mo x 150 mm. It is proposed to use 8 fins, 
each 150 mm iong and Ё mm thick. The temperature difTerence between ihe plate 
and the surroundings 13 50 К, the thermal conductivity of the plate and fins is 
0.15 kW/mK and the convective coefficient is 0.04 kW/m К, Calculate the height 
of fins required. 
|Атз, 30 гіп) 
Oi] (c, = 2 kKl/kgK) is cooled from 120°C to 70°C Бу a flow of water in a 
counterflow heat exchanger, The water (с, = 4,18 kI/kgK) flows at the rate of 
2 kgs and із heated from 35°C to 65°C, The overall hear ітнізіст coefficient is 
0.37 k'W/m"K. Determine ihe exit temperatures of oi! and water, ifthe water flow 
rate drops to 1.5 kg/s at the sume oil flow rate. 
[dns. 72.5*C, 72.5?C] 
A tank contains 272 kg of of] which is stirred so that its temperanure is uniform. 
The of] is heated by an immersed coil of pipe 2.54 ст dia. in which steam 
condenses at 149°C. The oil of specific heal 1.675 ET/kgK is to be heated from 
32,27€ to 129°C in | hour. Calculate the length of pipe in the coil if the surface 
coefficient is 0.653 kW/m?K. 
[dns. 3.47 m] 
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Statistical Thermodynamics 


The classical mechanics of Newton 15 quite successful in predicting the behaviour 
of large particies. But when it is applied to microscopic particles, it 15 found to be 
at odds with some observed phenomena. With the concept of classical mechanics, 
it is not possible to explain the experimental fact that the specific heats of a 
substance tend to zero as temperature approaches zero. These discrepancies of 
classical mechanics are resolved when the energies of the particles are assumed 
to be quantized according to the principles of quantum mechanics. 


19.1 Quantum Hypothesis 


Till the advent of the twentieth century, it was thought that microscopic particles 
could possess any value of energy. Application of this principle to the emission of 
radiant energy from an isothermal enclosure led to predictions which were at 
variance with measurements. The theories of thermal radiation proposed by Wien, 
Rayleigh and Jeans were found to be inadequate, The agreement of theory with 
experiment was achieved by Planck with his quantum theory of radiation in which 
he postulated that energy is emitted and absorbed by a heated enclosure in small 
quanta, called photons, and there 15 a definite frequency associated with each 
quantum of energy €, given by 
Ey = hv (19.1) 
where Л is a universal constant, known as Planck's constant, equal to 6.624 х 
1077 }-5. The energy of photon, is thus proportional to its frequency. According 
to Planck's theory, v can have only definite and discrete values. In other words, 
the energy of a photon cannot have any value between zero and infinity, but 
discrete values like 0, Ep, 2£,. 3£,, ..., МЕ’, where n is the quantum number. 
In the atomic model, the quantum theory applies. The atom can exist in a 
number of energy states. In a gas like hydrogen, when its atom is heated, the 


M 


Зайн Thermodynamics ——H 


electrons jump іс higher orbits, and when cooled, the electrons come down to 
lower orbits, each orbit representing a cerrain energy value of the atom. Ali the 
orbits are, however, not avatlable to the electron. Only those orbits are allowed 
which, according to Bohr-Sommerfeld rule, satisfy the action integral: 


{ pdg=nh, (19.2) 


where р is the momentum and 4, the corresponding coordinate of the electron 
(e.g. pdx orp, d 8), and n is an integer (1, 2, 3, ...}. The integration is to be done 
for one cycle of closed path. For a gas like hydrogen, the Eq. (19.2) yields: 


iw-2r=nA 
mre? 2 2т=пй 
F 
mvr-l D (19.3) 


where m is the mass of the electron, v its velocity, and r the radius of its orbit. The 
Bbove equation states that the only possible circular orbits of the electron are 
those in which the angular momentum (Zw) of the electron is a multiple of 4/27. 


19.2 Quantum Principle Applied to a System of 
Particles 


Let us consider a system of N particles of an ideal gas contained in a cubical box 
of side L. Let the mass of each of the identical particles be m. The particles are 
moving about with different velocities in the box and making only elastic 
collisions with the walis. Let us focus our attention on one of these particles 
moving with velocity v having three components 2, v, and v,. From Ea, (19.2), 
for the x-component motion of the particle, 


$ mv, dx =n, А, n,71,2,3, ... 
ог тп, 2L = n, A 
or n =n (19.4) 
Шыр | 
where n, is the quantum number in the x-direction. The discrete values of v, are: 
v, = TELEN $. зй and so on. 
2т. 2т. 2ті, 


The permissible values for the speed are called speed levels. For а 
macroscopic body, say a marble of mass 2g in a cubical box of side 10 cm, 


EX 6.624 x 107? J-s 
2mL  2x2x10^7kgxli0x107^m 
= 1.656 x 107° m/s 
which is a very small speed interval. 
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For a hydrogen atom of 3.3 x 107 gin the sume box, 


h 6.624 x 107^ J-s 
2mL 2х33х 727 kgx10^!m 


This speed interval is relatively large. Hence, in the case of such a microscopic 
particie, the quantum view and the continuum view have different meanings. We 
may say that the continuum view is a special limiting case of the more general 
quantum view. 

The kinetic energy of the particle in x-direction, 


= 10% m's 


| 1 к? 
BTM ymmo 
| 2 
The discrete set of permissible values of €, is: 
h? k? 
-1---,4--:.9---- and . 
^U gmi’ BaL’ &mD 007 


Each of these energy values is called an energy level. А particle is said to occupy 
an energy [evel when it has опе of these values, 
Similarly, tn y and z directions, 
2 2 
= д? h d = h 
е, ¥ Еті? an Е п, Ял? 


where n, and n, are the quantum numbers in the y and z directions respectively. 
Therefore, the discrete values of the total kinetic energy of a particle are: 
ЕЕ, ЧЕ, ЧЕ, 
д? 
Еті? 

In velocity space a spherical surface at a radius of velocity v is called а speed 
or velocity surface representing the energy level г = mv^/2. 

Permissible points on the speed surface represent quantum states belonging to 
this energy level. Since the velocity components are quantized, the tips of two 
components v, and 0, , are spaced by a distance of A/(2mL). In the three 
dimensional space, each state occupies an exclusive volume, called a unit cell, of 
(h/2mLY.. Within a spherical shell at radius v and of thickness 20, the number of 
quantum states dz is equal to ihe volume of the shell divided by the volume of the 
unit cell, or: 


= (n^, + т, + и?) (19.6) 


1 2 
— (470 ) dv 3 
dg = -8 ТЕ ap 


oe: ___ 19,7 
[A2mL)}° А: (1.7) 
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The factor 1/8 1$ used because only ibe positive octant of velocity space is 
concemed, without distinguishing between v, and — v,. 
In terms of energy, 
v= [(26)/m]!7 


от dv=- + {= €? de 
20m 


From Eq. (19.7), 
373 
dg- АТР 21 2 en ge 
A т 2 Ym 
= a [2m c" de (19.8) 


where И = L, the volume of the box, 
Here, dg represents the number of quantum states in the energy interval from 
et e+ de. 


19.3 Wave-Particle Duality 


When a collimated beam of light is projected through a pin-hole aperture on to a 
screen, one observes diffraction rings with the intensity distribution across the 
rings (Fig. 19.1). The diffraction phenomenon is due to the wave nature of light. 
Interference phenomena also confirm it. Again, there is the Corr.oton effect in 
which a particle of light or photon strikes an electron and changes ils trajectory. 
This exhibits the particle nature of light. Thus, the basic units of light, the photons, 
behave both like particles (of zero resi mass) and like waves. 

When a cathode ray, consisting of an electron beam at very low pressure, 
produced by filament heated to a very high temperature {~ 2000 К), is accelerated 
toa potential difference and passed through a very thin metal foil (~ 0.1 pum), and 
the electrons are collected on a photographic plate, tt shows diffraction panem 


Cotthmaled 
light bem 


(в) 
ringa 


Fig. 19.1 — Diffraction exhibits the wave паіпте of light 
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2 та? 
. Fy ду 
à Vi де 
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(19.12) 


where V, is the phase velocity equal to (T/m) " and y is the amplitude of vibration 


at time ¢ at any distance x from the fixed end point. 


To solve the above partial differential equation, the method of separation of 


variables will be employed. 
Let y= f(x) git) 


where fis a function of x only and g a function of t only. Differentiating у twice 
with respect to x keeping ! constant, and with respect to ¢ keeping x constant, 


ay _ у 
Е 
9: 9: 
ond аа 
Substituting in Eq. (19.12) 
La yg 
92 ур а? 
| g? 1 9? 
парта te 


(19.13) 


where a? is the separation constant. Since each side of the equation is a [unction 


of a single variable, 


2 
Mee м. 


The charactenstic equation is: 
m^ + a! = 
м, = Тай, 
80 that the general solution ts: 
g 7 С, cos (ah, t) + C, sin (ar, f) 


of 


Let ар =w=? 
where cis the angular velocity and v the frequency. Since Г, = và, 
ас 29У _ 27 


(19.14) 


(19.15) 
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and $7 d %59,%9, 
зо that the wave equation becomes: 


veut mm (Е 


- 0 —0 (19.20) 


This is the time-independent Schródinger wave equation. In general, as for 
the vibrating string, the wave function w is dependant upon position as well as 
time. and may even be a complex fnnction having real and imaginary parts. 
Consequently, there is a corresponding general /ime-dependant Schrödinger 
wave-equation, but jor stationary states of the syslem (standing waves}, the case 
of interest to us here, we need consider only this form of equation (Eq. (19.20). 


19.8 Probability Function: y 


The quantum mechanics developed by Edwin Schrodinger differs from Newton's 
classical mechanics in its aim as well as its method. Instead of attempting to find 
equations which give the exact positions and velocities of panicles, Schrödinger 
devised a method of calculating a function of time and position from which the 
most probable positions and velocities of panicles could be derived. 

Schrodinger postulated a particular second-order differential equation for 
wave functions y of the coordinates of a system and time, The square of the 
absolute value of a given wave function, ||, is interpreted as а probabiliry 
distribution function. Solutions of the Schródinger equation give a series of 
allowed energy levels for many of the systems considered. 

A fundamental postulate ot quantum mechanics is that the quantity ww” dx dy 
dz is the probability that the paricle represented by the wave fünction w(x, v, z, £} 
is jn the elemental volume dx Чу dz at the limes, and W * is the complex conjugate 
of y. Thus, yy” is he probabiliry density for the particie, 

Since the particle must be somewhere in space, it is necessary that the 
probability density satisfy the nermatizatian condition: 


| | J ұу" dx dyd = 1 (19.21) 


19.9 Particle in a Box 


Let us assume a monatomic ideal gas confined т a box of dimensions a, b and c, 
such that: 
0<х<а,0<у<ВБапа0<2<с. 
Molecules have only translational kinetic energy. For simplification, let us 


consider that the particles move only in the x-direction, The Schrodinger equation 
apptied to a single particle gives 


ГА Д ‚ літ inn 


de Ех т Фф} = 0 (1 9.27) 
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| 372 
зм Ны 
Therefore, 
raat. xl. y 
se [T nz] nz] 
sin [эл 2 | (19.32) 


From Eqs (19.27, 19.28 and 19.29), 
ET E, FETE, 


2 2 
rile ол, пл 
= -—| st — 19,33 
Bm | a м c | 
lfa=b=c=L, then 
д? 
Ё = im [л?, + л?, + п? ] 
which is the same equation developed earlier, Eq. (19.6), from Bohr-Sommerfeid 
action integral. 
If F is the volume of the cubical box, 
EN NC uL + м2] (19,34) 
Ят pets x ¥ у 


which shows the energy values depending upon the volume of the system. 

The specification of an integer for each n,, n, and n, is the specification of a 
quantum state (or enetgy state) of a particle. АН states characterized by values of 
ihe r's such that n^, + ny * n7, = constant, wiil have the same energy. 


If n еліні, = 66, 
1 2 3 4 5 6 7 8 они 13 
п, 8 1 1 7 1 4 7 4 1 5 5 4 
n, ] B 1 4 7 1 | 7 4 5 4 5 
n 1 1 8 I 4 7 4 1 7 4 5 5 


All the 12 states for which m^, + n^, + m^, = 66, have the same energy 


2 


= 66 8 ӯ . There ате 12 quantum states with the same energy level, and it is 


said that this energy level has a degeneracy (or statistical weight) of 12. In any 
actual case, м“, + m, + n^, is an enormous number so that the degeneracy of an 
actual energy level is extremely large. 

When 4 particle has a number of quantum states аға certain energy level, it is 
said to be devenerafe. The degeneracy is designated Бур. Ifa, 2n, =a, = 1, the 
particle is at its lowest energy level, є = (ЗАЗ т И], which is non-degenerate 
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(к= 1). If ^, + п, tm. = 11, the degeneracy is 3, ifitis 12, g is again unity with 
A, =a, =n, = 2. If itis 14, g = 6, and so on. 


19.10 Rigid Rotator 


A diatomic molecule may be approximated to a “dumbbell” with its two atoms 
connected by a massless spring (Fig. 19.4). The molecule is free to rotate about 
11$ cenire of gravity (c.g.) and may also oscillate along the line of centres. 

Let r be the interatomic distance, and m, and mt, be the masses of atoms at the 
respective distances кү and r from the c.g. Since, 


rcr tr, and mr, = mr, 


it yields 
MY m,r 
py — —À— andr, = ———— 
т + т, ті + т» 
Moment of inertia of the molecule is: 
5 тін 
f= mt mp2 1+ 2 істе 
т) + т; 


т т. 
— + is the reduced mass of the molecule. 


түт т. 


where m' = 


Solvtog Schrodinger equation in spherical polar coordinates, the discrete 
energy values of rotational KE are determined as given below: 


—— 
24 L) | 1 | E " 
-- г — без 


ib} Harmonic oscitator 


Fig. 19.4 
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д? 
= G+ 1 19,35 
Éa - JU * 1) ( ) 
where Іс Һ1,2,... 


19.11 Harmonic Oscillator 


Let us now consider the solution of the Schródinger equation for a one- 
dimensional harmonic oscillator. The results can be applied to the vibrational 
motion of a diatomic molecule and also to the behaviour of crystalline solids. 

For a particle of mass m, Ше potential energy for one-dimensional harmonic 
motion; 


= 2. my, = 1. т(2 ху,2)2= 2 т v (19.36) 


where x is the displacement of the particle from its equilibrium position at x = 0 
and v, is the frequency of oscillation. 
One dimensional Schrodinger equation is thus: 


2 

. XR S EET. е 2 me uL v, (19.37) 
x 

Solutions of Eq. (19.37) are desired for which ү, —— 0 as x — + t «, which 

yield 


7 Ep = hy, (n) (19.38) 
where 5 = 0, 1,2, ... Discrete energy levels are thus obtained. А finite energy 


> AY, is associated with the lowest (or ground state) energy level. 


19.12 Phase Space 


A monatomic gas having only translatory motion of its molecules is the simplest 
system to consider from the stausrical viewpoint. Wheo the position and motion 
of each alom of the gas are prescribed, the state of the gas is completely specified. 
If the six quantities x, y, г, Py, Py р, are given for each atom, the state of the gas 
is determincd. Let us imagine a six-dimensional hyperspace or phase space 
having three-position and three-momentum coordinates. Every particle has its 
representative point in phase space, and is known as the phase point. 

Let us subdivide the phase space into small clemenis of volume, called ceils, 
and the volume of one celi, H, 15: 


H = dx dy dz dp, dp, dp, 
This volume is small compared to the dimensions of the system, but large 


enough to contain many atoms, Every atom of the gas must be in a сей. The cells 
ате numbered 1, 2, 3, ..., і... and the number of particles in the cells аге А", №, 
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Ny, oy My... with М, > 1. The basic problem of statistical mechanies is to 
determine how the particles distribute themselves in the cells of phase space. 

Heisenberg's uncertainty principle places а qnantitative Limit on the product of 
the unceriainties in the position and momentum of the particle, 


Ах Ap, = h, Ay Ap, = h, Az Ap, = й 


where fA is the Planck's constant, 6.624 x 107 J-s. Тһе total uncertainty in 
localing a particle in phase space is: 


Ах Ay Аг Ap, Ару Ар, = № 
The particle ties somewhere within an element of phase space of volume 4°, 
which is known as a compartment. The oumber of compartments per cell is: 


g= НТ (19.39) 
where д >> 1 and A” has the dimension of volume in phase space, since 
(Js) = (Nm s)! = m? (Ns 
А? = (lengthy x (momentum)? 


A quantum state corresponds іо a volume A? in phase space, and an energy 
level corresponds 10 a cell of volume Н, so that д is nothing but the degeneracy of 
Ihe energy level. 


19.13 Microstate and Macrostate 


The basic problem in statistical thermodynamics is to determine the most probable 
distribunon of the particles among degenerate energy levels nnder the constraints 
of constant total number of particles and constant systern energy. in other words, 
Ihe object is to determine the most probable way in which the particles distribute 
themselves in the cells of phase space, 

If al] the six coordinates х, y, z, Py, p, and p, of each particle in a syster are 
specified in phase space, it defines the microstate of the system. Such a 
specification exactly locates the compartment in which each particle of the syslem 
lies. This detailed description is not necessary to determine the observable 
thermodynamic properties of a system. For example, the pressure exerted by a 
gas depends upon how many molecules have the specified momenta, i.e. how 
many molecules lie within each element of momentum space dp, dp, dp. 
Similarly, the density of a gas depends on how many molecules are there in each 
volume element dx dy dz of ordinary space. Thus, ihe observable properties 
depend only on how many particles lie in each cell of phase space and do not 
require any information on which particle lies in which cell. A macrostate оға . 
system is defined if the number of particles in each cell of phase space are 
specified. In Fig. 19.5, three cells 1, } and & are shown to have four compartments 
each. The particular microstate 1$ specified by stating that there is ane panicle 
(denoted by a) in compartment | of cell i; two particies in cell /, one each in the 
compartments 2 and 4; three particles in cell 4, one in compartment 2 and two in 
compartmcnt 3, and so оп. The corresponding macrostate is specified by simply 
mentioning that № = 1, №, = 2 and М, = 3. 
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Therefore, 
х! = | Іп х dx 
І 
We know, 
Ju dv =u- jv du 
Putting н = In x and ? = к, 


fin x dx = хох Jx—dx=xinx—x 


X 
Щл! = | Inxdr-[xlnx-xf; -xlnx- x1 


Since x is large, 1 can be neglected. So, 
ахі = xin x—x (19.43) 
Thus is known as Stirling ғ approximation, 


19.16  Maxwell-Boltzmann Distribution Function 


Taking logarithm of both sides of Eq. (19.42), and using Stirling's approximation, 
In W — € [М Ing, - N; In N; + М] 

As the particles in the cells of phase space shift around, they change from one 
energy level to another, and N;'s will change. If the system is in thermodynamic 
equilibrium with maximum F, а small change in F represented by à In P will be 
zero. Since the value of p, is assumed to be constant, 


815 P= Y, [ g, ÖN, - N, = 8м, - n N; ÔN. + вм, |=о 


ог Xin SN, =0 (19.44) 


where М; is the number of particles in the i-th cell (ог i-th energy level) іп 
thermodynamic equilibrium. However, ӨМ; 5 are not independent, but are subject 
to the equations of constraint, 


(1) N= LN. = constant 
EÓN,-0 (19.45) 
(2) U = Le N, = constant 
Le. oN, = 0 (19.46) 


Laogrange 5 method of undetermined multipliers will now be used. Multiplying 
Eq. (19.45) by — In B and Eq. (19.46) by – f] and adaing to Eq. (19.44), 


У [m-i B- fe, 5-0 
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= KNIn + KBU+ KN 
where LN = Nand Le М = U. 
95 1 & f op (£ 
($), = “ANT as Gao), * KB KU av), 
Since Z- Ys g P5 
A ем. ЖАМ Daen 
ар Lege 
dB) lf- Uz Ша | 
(36). kN 7| E; , t KB + KU U 
From 745 = d+ pd¥ 
д5 
— =]; 
ЕЗІ Vr 
KB = UT 
or p= АКГ) 
The constant fis thus determined. Therefore, from Eq. (19.61) 
М. = Ng = КТ 
2 
where 2= У ge "T 


The internal energy U of the system: 


7 N ЕТ 
ш 2. ri 7 2, 85 е / 
From Ед. (19,68), 


az 
ат кт Хе 


№ dz 
A cP = 
2 df 


= 4 
or U = МЕТ“ ат (In 2) 
From Eq. (19.65), 


c 
ll 


2 1 
S=KNin— + K —— U - KN 
N ÅT 
=KN|m Z |E 
N T 
The Helmholtz function, F = U — T5, b given by 


F=—NKT| I 24, | 
М 


(19.65) 


(19.66) 


(19.87) 


(19.68) 


(19.69) 


(19.70) 


(19.71) 
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Therefore, from Eq. (19.723, 


ог = —_ (2а тКТр? (19,73) 


к 
Substituting in the equation, 


3 
Nei h y POTD (19.74) 


Substituting N, by №, 
у= № m? dxdydz Чо, фу, dv, 
y (229 KTy 
imi? v3, + е2 KT) 


3/2 
m | үгітін, +2, + v8 OKT) 


UY 25 
dx dy dx dz, dv, dv, (19.75) 


Integration of this equation over all values of v,, v, and v, gives 


2:2 3:2 
ём- № | т | E dr dy dz 
m 


F LIET 
din N 
or, = 
dxdydz У 


The number of atoms per unit volume of ordinary space is thus а constant, 
confirming that the atoms are uniformly distributed іл the gas volume. 

The Eq. (19.75), when integrated over all the values of x, y and 2, gives the 
disiribution of atoms in velocity space, as given below: 


іл 
-м| "| dee Иті 
ФМ ШЕ | е dv, dv, dv, 


This equation is precisely the same as, the Maxwell-Boltzmann velocity 
distribution as derived from the kinetic theory of gases and given by Eq. (21.49), 
provided К is recognised as the Boltzmann constant. 

Now, 


4 
Z- rj [2t m&T] 


In 2= 10 v+ in r+ Š indamK-3ink 
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The internal energy of Ше gas from Eq. (19.69), 


The resuits agree with the kinetic theory 
From Eq. (19.71), 


F--NKT In E +1] 
N 


--NKT|In +5 In (2m ткт) -3 Inh In кец 


Now, 


аг рУ = NKT-nRT 
which is the equation of state of an ideal раз. 
From Eq. (19.70), 


Z U 
S- NX In E «1| E 
[ | Т 


= NK In y+ >In T+ in 270 mk 


3 МАТ 
-Май-іл-і|-----ш- 
| 2 Т 
Now, pa NAL 
Р 
In F=In¥+inX+inT-Inp 
Substituting, 
S=nR|inN+inX+InT-Inp+ tar 
3 3 
+3 пали -3ink- In N+ 1+ 2| 
The molar entropy 


z= R[Sinr-inp+> ink + in 2m 
2 2 2 


3ink+t Я (19.76) 
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where C is a constant 
N= (ам, = C [e Tdr 
Let Е, = mean energy of a single particle associated with coordinate 2 


_ у E,dN, _ ве ^ Ta 


ІҒ є, is a quadratic function of z, i.e. €, = az?, where a is a constant, 


, E 
[ а2-е ir КТ a, 
ù 


ж 1/2 
Numerator = | yATe?. НЕН dy 
0 
+ 
+ 


= 172 
Denominator -| elm dy 
© 


= 1 KT (19.79) 


If the energy associated with a particular coordinate is a quadratic function of 
that coordinate, the average energy ofa particle is LAT . This is the principle af 


equipartition of energy. 
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19.24 Statistics of a Photon Gas 


Thermal radiation can be considered to be a photon pas consisung of photons 
which have no rest mass, but possess momenta. The number of photons though 
treated as particles are not conserved. The total energy of the photons is, however, 
constant. There is no restriction on the number of photons occupying the same 
quantum number or a compartment in a ceil of phase space. Thus, the photons 
follow the Bose-Einstein statistics, the thermodynamic probability of which is 
given by: 
#= т (с; +N, -1)! 
i (g, -1! Nj! 
The condition of the maximum thermodynamic probability gives 


уі. № aN, = 0 


subject to the constraint of total епетру of photons (and not the number), i.e. 
Lc йм = 0 
Multiplying the above equation by — B and adding to the earlier equation: 


»E 5 M - | бМ, = 0 


Since ӘЛ; 5 are independent, 


gi t 
ln 2L——- 1 
X = ВЕ, 
] 
of, Nig. = (19.80) 
ү 1 Ғы -1 

where Д = 1/KT. The energy of a photon of frequency vis 

Е= ду 


and 115 momentum 13 
p= МА = Аус = ЕЮ 

where e is the velocity of light. Since light сап be both nght-handed and lefi- 
handed polarized photons, the degeneracy g; of the energy level Е is 
2 dr dydz dp, dp, dp, 

А? 
Substituting @°}/ for the N; in Eq. (19.80), putting Е = pe and B = ИКТ, 
2 dx dydz dp, др, dp, 1 


ГЕ „ЕКТ L] 


E," 


d^N = 


Integrating thc equation over x, y and z, we get the distribution of photons in 
momentum space, 
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Substituting d^N for М, Е for &, and the expression for 2, 
6 
d N= икт dr dy dz dp, dp, dp, 
[niegrating over x, y and z 


з, 2Р 
d- <a Ë, dp, dp, (19.89) 


То evaluate В, let us make the substitution 
B= е К 


where £, is the reference energy which is a function of temperature. Then, 
2V l 
ФА = — AP Сев | dp, dp, dp, (19.90) 
This is the distribution of electrons in momentum space. The number density of 
electrons in this space: 


_2¥ 1 


ИЕР (19.91) 


When 7 — 0K, let &, = £ 4. Fora cell in momentum space for which Е € £ aip 
2V 
Po = —,- (at 77 0 K, Е < Em) (19.92) 
h 


At absolute zero, the density of representative points іп momentum space is 
constant and equal to 2 V/A! in all celis for which £ < Бу. 
If £7 £,,at 7 = ОК, 
py 7 9 (at F=OK, E» £y 
There can be no electron whose energy is greater than £,4, at 7— 0 K. Thus, &y 


is the maximum energy of the electron at absolute zero, which is referred to as 
Fermi energy (Fig. 19.8). 


_ diN 
4,4,4, 
T=0K 
ж 
“> 
/ 
E ——th 
T. Т. 
ШАР: 
©“ 
0 Е Ет Emoe > Ena Е 


Fig. 19.8 Dhstribution in momentum space of Fermi-Dirae майзнет at 
T — OK (full fine) and iwo higher temperatures Ту and Т, 


812 ——- Basic and Applied Thurmudysamia 


Therefore, z 15 also multiplicative. 


2 = Ewan Tre fub? elect зік! Tehkem 
To determine Шет of a molecule, it is necessary to find each of the contributing 
partition functions, 


2. = yO ят KT]? (Ba 19.73) 
(evaluated earlier) 
The energy levels of a simple harmanic oscillator are: 
"ES (а + zv (Eq. 19.38) 
With в, = 1, 
Zon = Tete i]hvj/kr 
я=0 


= ven WKT 7 hv/2KT 


=й 
- КТ [1 + g PKT + g ТУТ + g КТ + m 


ет bv/2KT 
Similarly, Zat Zhen ... etc. are to be evaluated. 
So far z refers to a single particle. The total partition function of N identical 
distinguishable partictes: 


Zor = 25- [Бек] 
For Y indistingwisbable particles, 
.N [у ее | 
= — =: ——— 19.103 

^ м м ( ) 
19.26.1 Internal Energy 
Average energy of a particle is: 

z- Ума _ уле" ^ Уве P 
Ум E ye g z 

Now, 


| 1] 
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The internal energy of the system 15: 


U- У N,&- NE 
= 
Dm. ap cm 
98 ly 
In terms of Zop 
zl 
== 
ae", 
Now, B=- 
и--мқ| 9 №2 МЕН 
91. aT |, 
Г dy 
zl 9 Ш? 
= ян 
, дт |. 


19.26.2 Entropy 
In terms of the single-partition function, 


z LU | 
S- NK +1]+ = Еа. 19.70 
N T [Eq ] 


In terms оГ, since 
Z,72"M 


In Z,, = In Z-NinN+N=N|in +1] 


dinz 
$= кы Ты + ы.) | 


Hetmholiz Function 
F-2U-IS 


19.26.3 


—— 813 


(19.104) 


(19.105) 


(19.106) 


(19.107) 
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Fig. 19.11 Work transfer 


= _ КТ| 92 | _ dinz 
UT. El кт да | ; 
ая’ = NFda= Nxr| 22 da 
да |, 


dinz 
ӘР 


which is valid for a reversible process. 
Now, 


aW=nkT| | dV 7 p dV (19.111) 
T 


40= 40+ 


Since ainz=| фе: атаа. dV 
ү T 


nd on 


=AR га z+ {22} | 


dinz dT+nRTdinZ 
oT ы 


Using Eq. (19.105), 
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40-74% 
which is valid for a reversible process. 


19.26.8 Properties of Ideal Gases 
As shown in Fig. 19.11, 


P be be | да 
Mow, 
V 
Z=- -(@amKT)? = oF (2лтКТу' 
| діл: _ |1 
да п 
«МАТ | _ NKT 
bc а V 
Or РУ = МЕТ 
which is the equation of state of an ideal gas, 
For an ideal pas, 


G=U-TS+ p¥=U-TS+nRT 
U =- + z _ 
=u- r| 0+ R+ Rin] + Т 
p TAR TAR та ыы 


— зБ тј -2- 
aR N 


19.27 Specific Heat of Solids 


(19,112) 


(19.113) 


(19.114) 


(19.115) 


(19.116) 


The classical theory of specific heat of a solid assumes that the molecules of a 
solid, when displaced from their equilibrium positions, are acted on by a linear 
restoring force, and oscillate about these positions with simple harmonie motion. 
With increasing temperature, the amphtide and, hence the energy, of oscillavory 
motion increases, The specific heat at constant volume is a measure of the energy 
that must be supplied to increase the energy of these molecular vibrations. Since 
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both К.Е. and Р.Е. of a harmonic oscillator are quadratic functions of their 
respective coordinates, the equiparritton principle applies, and the mean total 
energy is AT Бан for KE and 2 КТ for PE | The molecules are free to 


oscillate in three dimensions, and so a mean energy ЗАТ is assigned lo each 
molecule. Therefore, the total energy U of a system of М molecules in thermal 
equilibrium at a temperature T is 


U 23NKT-3nRT 
c,=3R 
Figure 19.12 shows experimental values of c, and c, for copper. At high 


temperatures, c, ~ ЗА, but it decreases to zero at 0 К. 


The first explanation of the decrease in c, at low temperature was given by 
Eiostein, who suggested that quantum theory should be applied. Each atom 
behaves like a simple harmonic oscillator with normal frequency v. The energy 
levels of a simple harmonic oscillator are: 


в (2+1) hv, n = 0, 1,2, 3 
The partition function is: 
Z= Xex|-(^ + т Javik] 


_ бар(-АУ/2КТ) 
| - ехр{-ЯУ/АГ) 


30 x 102 


Joutesimole4 
en 
Cali mio К 


Temperature, A 


Fig. 19.12 c, ана c, for copper as functions of temperature at a constant pressure of 1 aim 
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(b) Neglecting relativistic effects, the wavelength is: 


-м 
ya А6625 10704 „дю 


mv  9106x10^! « 10° 
(е) Since Ше wavelength is very small in (a), the motion is reculinear and 
quantum considerations are not important іп this motron. In case (b), although 
7.3 x W^? m is a small distance indeed, it is quite Jarge for the motion of 
microscopic particles like electrons. Therefore, ihe quantum effects can influence 
significantly on electron motion. 


Example 19.2 Consider a cubical box of edge 10 cm, containing gaseous 
helium at 300 K Evaluate the energy £, and its corresponding м... 
Solution 


6,= >AT= a x 1.38 x 10723 x 300 
= 20.7 x 107 I/moiecule 
For r-directional component, 
h? 2 
E, = n 
х gma? * 
where a is the side of the cubical box. 
n, = [В me]? 
À 
122 
0.10 4 п 
| 8 x — x20. x10 
6.625 х107 | 6.023 x 10-24 | 


= 15.8 x 10? Ans. 


Example 19.3 Calculate the number of ways of amanging seven 
distinguishable particles in four boxes so that M; = 1, М, =2, №, = 3 and М. = 1. 


Solution Eq. (19.40) applies to this case, so that 


LM 7 7х6х5х4 
TN, 12!3!0 2 
- 420 Ans. 


Example 19.4 Calculate the number of ways of arranging six indistinguishable 
particies in four boxes which are (а) distinguishable, (b) indistinguishable. 
Sofutíon (a) Since the boxes are distinguishable, 


y- п М0) 446-1) 
М! 6! 


_ 4х9хЕх?хб6! 
6! 


= 2016 Ans. 
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_ (6.624 x10 | 3x 847 x 107 х106 | 


8х91х107" д 
= 11.3 x10? J Ans, 
Average electrou energy at Г= 0 К, 
а _ 3 3 -19 T. 
£y7-—E, => x1l3x10 *=6.78 x 10°75 
t 570 5 
3 
Ер = 2 AT 
Equivalent gas temperature: 
-19 
T- ŽE | 2x678x107 . 32,8000 K Ans. 


ЗК 3x138x10% 
(c) From Eq. (19.101), 
«ЖІКТЕ _ л! x138x10 x 300 5 
26а, 2« 113x107" 
= 0.0188 | Ans 


The electron contribution to specific heat is very small, For solids, Ше primary 
contribution to specific heai is by lattice vibration. 


С 


¥ 


REVIEW QUESTIONS 


9i What are the discrepancies of classical mechanics? 

192 Explain the quantum theory of thermal radiation, Wint із quantuem number? 

[9.3 What is the action integral of Bohr-Sommerteld? 

19.4 Explain the quantum principle applied to a system of particles. 

[9.5 What ie the difference between the quantum view and continuum view? 

19.6 Explain energy levels of particles, quantum 6116$ and degeneracy. 

19.7 What do you mean by wave-panicle duality? Explain how photons and electrons 
exhibit this duality. 

19.8 What is de Broglie law? What does it signify? 

19.9 Derive ihe wave equation of the transverse vibration of a stretched string. 

19,10 How did Schrödinger apply the differential wave equation to the matter waves of 
de Broglie? What do you menn by time-dependent and time-independent 
Schrödinger wave cquation? 

19.11 Whal is probability distribution function? How does quantum mechanics 
basically differ from classical mechanics? 

19.12 What is probability density? What is the normalization condition? 

19,13 How are ihe discrete energy levels of a particle in a box derived wiih the help of 
Schrodinger wave equation? 

19,14 What are degenerate and non-degenerate particles? 

19,15 Give the diserete energy levels of a rigid rotator and a harmonic oscillator. 


19.16 


19,17 
19.18 


19.19 
19,20 


19,21 
19.22 


19.23 
19.24 


19.25 


19.26 


19.27 
19.28 


19.29 
19,30 


19.3] 


19.32 
19.33 


19.34 


19.35 


19.36 


19.37 
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What do you mean by phase space? What are cells and compartments? How do 
they relate lo energy levels and quantum states? 
What is the significance of А? in phase space? 
What are the constramts on ihe mast probable distribution of panicles in phase 
space? 
Explain the terms: microstate, macrostate and ibermedynamic probahiliry, 
Explain the statement: Ali microstates are equally probable. 
Which macrostate refers to the thermodynamic equilibrium slate? 
Derive ihe thermodynamic probabiliry for distinguishable particles based on 
Maxwell-Boltzmann statistics. How does the expression get altered for 
indistinguishable panicles? 
What 15 Surling’s approximation? 
Show that the Maxwell-Bolrzmann distribution function of particles among cells 
in phase space al equilibrium is given by: 

Ng, = 108) 
where B is a constant. 
Explain the physical model of Bose-Einstein statistics. Show that the number of 
microstates fora given macrastate of indistinguishable particles is given by: 


F= т [ш N - ППА: - ІМ 


From the above relation of Ж, show that the Bose-Einstein distribution function 
is given by: 

Nig, = V[BeP^ - 1] 
where 2 15 a constant, 
What із Pauii’s exclusion principle? What are fermions? 
Derive the expressions of thermodynamic probabiliry and disinbution function 
for Fermi-Dirac statistical model. 
(Нуе a comparison of M-B, B-E and F-D statistics. 
What do you mean by parition function? What is the most probable distribution 
ofthe molecules in а gas among the possible energy levels? 
Explain the relation of entropy with thermodynamic probability. Establish: 5 = 
Кіп Е. 
Why is second law called a law of probability? 
Show that В = L'KT. 


Show that: (2) U = МКТ? Win Z, 


зе ко +1 +0. 


Show that the partition function of a monatomic ideal gas (or translational КЕ.) 
V 
Žans = ru [Bramki 


Derive the Sackur-Tetrode equation for the absolute entropy of a monatomic ideal 
gas. 

Establish the principie of equipartition of ейетгу by showing that the energy 
associated with а particular coordinate being a quadratic function of that 
coordinate is equal to 1/2 АТ. 


19.7 


19.8 


15.9 


19.10 


19.11 


[9.12 


19.13 


[9.14 


19.15 
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AD argon atom (atomic weight 40) is moving between two walls 10 cm арап. If 
its quantum number is 10°, how much energy is required to change ita quantum 
number to (a) 10^ + 1, (b) 10°? 

Consider а vriatornic water molecule (atomic weight 18.02). It is contained in a 
cube of 10 cm side. Find the kinetic energy of the molecule if its translational 
quantum numbers are n, = 10°, ny = 10° and n, = 101. What are the 
wavelengths associated with each of the quantum numbers? 

Calculate the rotational energy levels for a diatomic hydrogen molecule for the 
first five values off ti.c., j= 0, 1, 2, 3, and 4}, The mass of à hydrogen atom can 
be considered to be equal to that of a proton {г = 0.742 А). 

It is observed that light emitted from a rotating oxygen molecule must come 
from adjacent rotational states, i.e. Aj = |. Determine the frequencies of the four 
lowest Tansitions if = 1.95 x i07 g cm’, 

If an argon atom vibrates about an equilibrium іосабоп in simple harmonic 
motion, how much energy is required to change tts vibrational quantum number 
from 1010 11? Assume the consunt А in the force acting on the atom Р = — K, as 
2 kNm. 


The equation ofa translational system 
2 
п} п, ni ӛт Е, 
Я 
а b с h 
18 analogous to the equation of an ellipsoid 
2 44 + 
-- + а ғ--- гї, 


я 

where i7 is identified as ($m e yi. Realizing that only 1/8 of the volume of the 
ellipsoid is defined by positive values of the variables necessary to determine the 
number of states of energies berveen 0 and ғ, prove that the number of states 
hetween = and £+ de is 
4к т 

ғ 
where F is the volume of the gas. 


For а particle in а cuhical box of side L, find the number of quantum states at 
each of the following energy levels: 


— [2m e]? de, 


EU 


ca) 12 — (в) 25 Wand (c) 36 A, 
Еті: Em Ят 


Ans. (а) 1, (D) 9, (c) 6 
If à particle Ваз а translational energy ЗА /(SmL^), what are the possible 
directions for its velocity? 

Ans. 3 

A particle with a mass of 10713 р is moving in a small cubical box with edges af 
length | cm. Find the spacing between successive permissible valucs of ihe 
velocity components. 
The unceriainty in the position of an electron is given by Ax = 0.5 A. Determine 
the uncenriainty, Ар, m the fimear momentum of the electron. An electron із placed 
in а cubical box of side a = 0.5 A. Estimate the lowest energy, E, avnilable to the 
electron. 


Irreversible Thermodynamics 


Classical thermodynamics deals with reversible processes in which transition of 
a system from one equilibrium state to another occurs. A system is said to be in 

equilibrium when no spontaneous change in the system takes place and ali the 

thermodynamics properties remain constant and uniform throughout the system. 

The properties are spatial and time invariant. The branch of thermodynamics 

which deals with irreversible processes under steady state condition where the 

properties vary with space coordinates, but are constant with respect to time 

is known as irreversible thermodynamics Denbigh called it thermodynamics af 
the steady state. 


20.1 Entropy Flow and Entropy Production : 


Let us consider a thin copper rod connected between two heat reservoirs at 
temperatures T, and 7; (Fig. 20.1). The rod is thermally insulated. Heat flows 
steadily from the hot to the cold reservoirs. The temperature varies from point to 
point along the rod, but the temperature at any point is constant with time. The 
temperature at a point is defined as the final equilibrium temperature of an 
isolated small volume element, enclosing the point in contact with the recording 
device, say, thermocouple. The volume element is small compared to the 
dimensions of the system, but large enough to avoid molecular fluctuations. 

Let Jo represent the rate of heat flow per unit area from the hot to the cold 
reservoir (W/rm . In unit time, the hot reservoir undergoes an entropy decrease 
Jo Ty the copper rod suffers no entropy change, because, once in the steady state, 
its coordinates do not change with time; and the cold reservoir undergoes an 
entropy increase Jg Г,. So the entropy change of the universe per unit time is: 


Абла = Ана reservoir + Аба + A Scold reservoir 


= М 
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Température distnbulion 
Ti along the thin rod 


Fig. 20.1 Steady irreversible flow of heat along a thin rod 


= 29 49429 = 222 
1 Т, 11, 
Let us focus our attention on the rod, rather than on the universe. Since the hot 
reservoir underwent an entropy decrease, it may be said that it Jost entropy to the 
rod, or that there was a flow of entropy inta the rod equal to Jy T, per unit time. 
Since the cold reservoir underwent an entropy increase, it may be said that the 
reservoir gained entropy from the rod, оғ that there was a fTow of entropy from 
the rod equal to Jt; per unit time. But since УГ, > ЈГ, the entropy ошПия 
from the rod exceeds the eatropy influx to the rod. The differeuce must have been 
generated within the rod due to irreversible heat transfer through a finite 
temperature difference. So the rate af entropy productioa, c, within the md is: 


(20.1) 


I(T,- T AT snd T, = T, so that a small — difference exists across 
the rod, 


T= A (20.2) 
If J, represents ihe entropy flow per unit time (W/m?K), equal to 49/7, 
а= — (20.3) 


AsAT — 0, g — 0, so that when the temperature diflerence vanishes, the rate 
of entropy production becomes zero, and the heat transfer process becomes 
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reversible. The rate of entropy production is thus 2 measure of the extent of 
reversibility inherent in the process, 

Let us now suppose that an electrical cnrrent Л, (ampere/m?) is maintained in 
the same rod by virtue of a di[Terence of potential AE across its ends, while the 
rod i3 in contact with a reservoir al temperature 7 (Fig. 20.2). Electrical energy of 
amount A AE is dissipated in the rod per unit time, and at the same rate heat Flows 
out of the nod, өтсе at steady state the rod undergoes no energy change. There 15 
an increase of entropy {ДАУТ of the reservoir per unit time, while there is no 
entropy change of the rod. Therefore, the entropy change of the universe per unit 
ame 15 (Jj AgV T, which is positive, If we now focus our attention oo the rod, it 
may be said that there was no flow of entropy into the rod, but lhat entropy flawed 
ош at the rate (.ЛДАЕУТ, which must have been produced intemally. So, the rate of 
entropy prodnction is: 

ony, 2E (20.4) 
Т 

If now a temperature ӘІШПегепсе АТ ond a potential difference АЕ 
simultaneously exist across the rod with both the heat current and the electrical 
current flowing along the red, the total rate of entropy релетапод would be: 


АТ ,, АЕ = Jyh +45 (20.5) 


lompenature Т 
Fig. 20.2 Steady Йа of electrical current in the rod 


20.2 Onsager Equations 


It has been found experimentally that in the absence of AE Л, depends only on 
AT, but when there is a AE as well, then Jo (and also./;) depends on both AT and 
AE. Similarly, when both AT and AE exist across the rod, J, also depends on bath 
of these differences. The heat flow and the electrical current Now are irreversibie 
coupled flaws, which exist because of the finite potentials across the rod. If the 
depanare from equilibrium conditions in the rod is not ico great, Js and А may be 
assumed to be linear functions of AT and AE, as given below 


IS tin E {20.6} 


. АТ АЕ 
ы 7 £g m Ly т (20.7) 
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where L's are called phenomenological coefficients. The above equations are 
known as Onsager equations, which express the linearity between the fluxes and 
ihe forces. The L's are coeMicients connected with electrical resistance, thermal 
conductivity and the thermoelectric properties of the rod. Only three of the four 
L's are independent, for it can be proved that, if the departure from equilibrium is 
not great, 

Li = by (20.8) 


This is known as Onsager reciprocal relation. 


20.3 Phenomenological Laws 


A large number of phenomenological laws exist, which describe the irreversible 
processes in the form of proportüionalities, e.g. Fourier 's law between heat flow 
and temperature gradient, Fick 's faw between flow of matter of a component in a 
mixture and its concentration gradient, Әйт ‘s law between elecincal current and 
potential gradient, Newton 's faw between shearing force and velocity gradient, 
the chemical reaction jaw between reaction rate and chemical potential. The 
causes which are responsible to the occurrence of these irreversible phenomena, 
such as, the temperature gradient, potential gradient, concentration gradient, and 
chemical affinity are called the generalized forces, denoted by X;(i = 1, 2, ..., п). 
The irreversible phenomena, such as heat (low, electrical current flow, diffusion, 
chemical reaction rate, etc. caused by the forces are called fluxes, symbolized by 
J(i = V, 2, ..., n). A thermodynamic force may be defined as a quantity which 
measures the extent to which the system is displaced from equilibrium. 

When two or more of these phenomena oecur simultaneously, they interfere 
and give rise to new effects, The examples of such cross-phenomena are: 

(1) The two reciprocal phenemena of thermoelectricity arising from the 
inlerferenee of heat conduction and electrical conduction, viz., Seebeek effect and 
Peltier effect. 

(2) The coupling of diffusion and heat conductioo giving nse іп thermal 
diffusion, called the Soret effect (concentration gradient formed as a result of 2 
temperature gradient) and its inverse phenomenon, the Dufour effect {temperature 
difference arising when а concentration gradient exists). 

Two coupled transport processes сап be expressed in the generalized form 


Л-іІ,1Х + 2, {20.9} 
| БЕРИ А.Х, (20.10) 
For two primary processes (say, heat conduction and flow of electricity) the 
basic or primary jaws will be of the form: 
J = ЕХ), for process 1 alone, say, heat conduction, where Л = Лу, X, = 
dT/dx and Ё у as the thermal conductivity, and, 
Р = 1..0, for process 2 alone, say electrical flow, where J, = Д, X; = dE/dx 
and £44 is the electncal conductivity. 


E30 = Ване and Applied Thermodynamics 


if process 2 influences process | and vice versa, 

J 7 L,; X; (Ше quantity of heat (low J, due to electrical potential X); 

J, = L3, А, (the electrical current flow J, due to lemperature gradient А). 

_ The latter two processes are called coupled processes, and the coefficients Z,, 
and Ly, are called coupling coefficients. The first digit in the subscripts of the L's 

refers 10 the flux and the second digit refers to the force. IT Ly = із = 0, the 

fluxes are dependent only on the primary forces and аге uncoupled. 


20.4 Rate of Entropy Generation: Principle 
of Superposition 


The rate of entropy generation is the product of forces and fluxes. From 
Eq. (20.5), 
AT AE AT AE 


Ел Js — +4, —— 
Әр С\Т т т Сіт 
= JA + AX, (20.11) 
AT 
where J) 9 Jg ot Js, љ - J, A = Ті 
оғ АТ пах, =E 
Г T 


The rate of entropy generation in irreversible steady state coupled processes is 
thus the sum of the entropy generation for each of the processes, i.e. 


E= JA + JUS JUS... (20.114) 
This is known as the principie of superposition as stated by VerschaíTeli 


(Prigogine, 1961). 
Let us consider a control volume (Fig. 20.3) in which the properties vary from 
point 10 point and with tme. The internal energy: 


н = fiz, >, If, t) 


Fig. 20.3 Heat and work flow in a control робит 
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or, div Лу = Е div AtA ртай Е 
By Kirchhoff’s law, div/,= 0 

div, = J, grad Е 
By substituting in Eq. (20.19), 


Therefore, р a = - div Jọ -A grad E 
ds __ diy Ja J, grad E 
or Т Т 
J мї  J,gndE 
=_qd “2 2] Br _ м 
тет? Т 
às | op dT rad E 
Pg, t divs =-Jo ETT — 4, E 7 
Therefore, from Eq. (20.16), 
gu ALERT -J вав Е (20.20) 


20.43 Епіуору Generation due to Heat and Mass Flows | 

For a system of variable composition Gibbs entropy equation is given by: 
Tds=dU+pdV¥- > uy, dm, 

ог per unit mass 
T ds = du p dv — Y Ht, de, 


where c, = тт = mass fraction of camponent А and д, is the chemical potential 
of component к. 

Let us consider a region of fixed volume and mass іл a molionless Иша 
mixture, Then. | 


Tds — du - У 11, de, 


ds — du dec, 
T.a шы 20,21 
or ити A № (20.21) 


For the control volume (Fig. 20.4), the continuity equation for the component Ё 
gives: | 


m $ (pde, 7 - j, 4 d4 7 - $, divs, d 


where J, is the rate of flow of substance k per unit area af Фе surface. 
Therefore, 


0 Tea div J, =0 (20.22) 
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и il | (20.43) 


Liz -L,4,5* = ATS* (20,44) 
The ratio of the heat flux to the electric current at constant temperature is 


called the Aeat of transport, Q*, the heat transporied by the current. From 
Eqs (20.35) and (20.42) 


Е „т? -o (20,45) 
Ji Тас іп 
от, 14-20% (20.46) 
From Eqs (20,44) and (20.46), 

Q* =TS (20.47) 


From Eq. (20.40), 


-keATSU (20.48) 


Substituting the expressions of Lip гі», 221 and £5; in the equations (20.31 to 
20.33), 


+ ЧЕ 
J=- ХАТУ" dT age Se (20.49) 
Т dx dx 
j=- asia ЧЕ (20.50) 
dr dx 
= a ЧЇ dE 
Jn z-[kt*ATS*] p —-ATS* dx (20.51) 


These arc the governing equations of thermoelectricity. 


20.6.1 Thermocouple 


А thermocouple ts a device for recording the temperature at a point within a 
system (Fig. 20.5). 


Seeback Effect Two wires of dissimilar materials А and B, such as copper and 
constantan, are joined together, say by soldering, to form the hot junction a, which 
is kept in contact with the system whose tempetature is to be measured. The cuds 
b and c are connected to the leads of the material D (ofteu copper). The joints b 
and c are immersed in an ice bath to form the cold junction. The leads are 
connected to a potentiometer at d ande. When the temperature at the hot junction 
Ти i5 dilerem from the temperature at the cold junction T., an electric current 
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From Eqs (20.45) and (20,47), the rate at which heat is transported into the 
junction by the current is: 
ga 740 HATS, 
and the rate at which heat is transported cut of the junction by the current is: 
Св 7 AZn TSh 


At steady state, from the first law, 
‚ PR 
Jo = A + (7А - Cos 
PR. . 2. 
= ЛТА) (20.55) 


ПК, 
Е 7-74 : | is the rate at which excess heat is to be removed per unit arca, 


2 
over and above the Joulean heat —, ір keep the junction isothermal, and is 
called the Peitier heat. Therefore, 
Peltier heat = Л T (5, — S5) 

The Реіпег heat (W/m) is proportional to the current Л and the constant of 
proportionality is called the Peltier coefficient, Л. 

Therefore, 

fA. a 7 TD - 5g] (20.56) 
The Peltier coefficient is called the Peltier emf, since its unit is volts. The 


Peltier emf at a junction depends on temperature and the materials of the junction. 
if Ohmic (or Joulean) heaung is neglected, then Eq. (20.55) reduces to: 


Jg 74, TIS, - Sa] ^A fg (20.57) 
lf the current is reversed, in direction (Fig. 22.7), 
Q^ Hole- Ug. 7 А T($5- SA) 
=- fA aly (20.58) 
Peltier heat is, therefore, absorbed in the junction to keep it isothermal at 
wrnperature T. Peltier effect is thus reversible. 


Fig. 20,7 Reversal of curreni in ihe function of dissimilar materials 


терете Thaermodygamic —— 843 


Thomson Effect Lei us consider an element of length Ax of à rod or a wire 
through which heat is flowing steadily by conduction due to a temperature 
difference AT (Fig. 20.8). [fan electric current 7 is sent Lhrough the element, it is 
found that the leraperature distributioo in the element is altered by an amount that 
is not entirely due to Joule effect, The mie, at which the electrical energy 18 
dissipated into internal energy increase of the element, is greater or less than the 
FR healing, the difference depending on the magnitude and direction of the 
current, on the temperature, and on the material. This phenamenon is known as 
the Thomson effect. Allowing for Joule effect, the heat that must be supplied or 
extracted laterally at all places along the element to restore the initial temperature 
distribution (without electric current) is called the Thomson heat. 


Ак а 
-———— t d 
(Woh, at | Ма 


Ах 
THA 


| | 


= дшн». aH 
X 


Fig. 20.8 Coupled fow of hani and electricity in an element 


Let J, represent the heat that must be removed laterally per unit area in unit 
time from the element carrying a current to restore the element to its original 
temperature distribution. If AE is the potential difference across the element, the 
rate at which electrical work is done on the element is JAE. The rate at which heat 
is Wansported per unit area by the electrical current into the element is (70) p, 4r 
= J(Q* ) + дт, and the rate at which beat is transported by the current out of the 
element per unit area is (Jo) = ЛО”, bath in kW/m“. The conduction heat 
flowing into and out of the element is the same and need not be considered here. 
By first law, 


fg 7 AE + ЛО"). at —4(0*h 
= Л [AE + (Т+ AT) (5*4, ar 75] 


Now, Sie ar 
dT 
Therefore, 


Е 
Jon 4| AE «TS eT ШЕ ата sear 
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+48" (ary - rs» 
dT 
J= 454 * (20.59 
ог а I| AE+T- -AT+S АТ 59) 


x 
neglecting the small quantity c (АТ). 


From Eq. (20.505, 


ЧТ _ dE 
J=-a9 $y Œ 
l ах dx 
dE Л ат 
Me = *l_ Жын 
o dx 1 dx 
Also, 
АЕ= ЧЕ ду JL Ag Se ЧР Ах 
dx А ах 


- - Ax -SAT (20.60) 


Substituting AE in Eq. (20,59), 


x 
ғаз Ах-5%АТ- r= arss*ar| 


J? 48% 
=—— Ax +J T — АР 20.61 
А ат (20.61) 
The current density Л ts given by 
ЧЕ АЕ 
h=- А =. 
dx Ax 
Therefore, the Joulean heat per unit arca is: 
ЛАх J? 
J AE .J, 2 LL = Ll Ax 
1 [ А А 
From Eq. (20.61), 
J? 45% 
Jo - і Ax - JT —— АТ 20.62 
9774 2504 ат (20,62) 


This is the exccss heat that must be removed рег или area from the element 

laterally, over and above the Joulean heat, and is the Thomson heat. The quantity 
ж 

га AT is expressed in volts and is called the Thomson emf. Thomson heat is 

proportional to J, as well as АТ and the constant of proportionality is called the 

Thomson coefficient, d. If heat is added to keep the same temperature, g is 

positive. If heat is removed, С is negative. 50, 
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a 
с--Т ds (20.63) 
ат 
The Eq. {20.62} becomes 
J? 
Л, - Ах =-СЛАТ (20.64) 


The difference in Thomson coefficients for lhe two wires 4 and В in the 
thermocouple 


6, — 0, =- г [9 - S3] (20.65) 


Thus, ali the thermoelectric effects can be expressed in tenns of lhe entropy 
transport parameter 5 and the temperature, as given below: 


Tu 
Зеефеск Пес: Жав- | [54 - Sg] dT 
к 
Peltier effect: Aan = [5-58] 
Thomson «Несі: o,— Og =-Т £ [$, — S 3] 
Differentiating Ед в with respect to T, 


dE, в = 5 5р 


ат 
d'En ао. oe 
4 AD = 5 
ап а ay Banal 
Therefore, 
dE 
ERI E (20.66) 
z 
d Ean 
and Ta- Ор 7- Т ar (20.67) 


The above equations are known as Thomson s first and second relations, 
which were derived by Thomson (Lord Kelvin) by a different procedure. If for a 
given thermocouple, the relationship between the emf and the temperature 15 
known, &.g., 

E, g = au, аз’ + ог 
where 7 is the Celsius temperature and the c's are constants depending on the 
materials, then both the Peltier coefficient of any Juncuion and the difference in 
Thomson coefficients of the rwo wires at any temperature can be computed, 
The Seebeck emf of a thermocouple can also be expressed in terms of the 


Peltier emfs at the junctions and the Thomson's emf's in the wires, as given 
below: 
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F4 елсіз (20.75) 
АТ |, -о vT 


This quotient ік called the thermomolecular pressure difference. A temperature 
difference between the two vessels causes matter to flow thus setting up a pressure 
difference. 

The thermomechanical effect may be connected with thermomolecular 
pressure difference from Eqs. (20.74) and (20.75), 


Ар _f-U*__ 9% 
А ЕЗІН oT "T (20.76) 


where Q* = U* – k called the heat of transfer. 
The above equation is very important in the thermodynamics of irreversible 
processes, some applications of it being given below. 


20.7.1 Knudsen Gar 


Let us consider an ideal gas contained іп a vessel divided into two parts by a 
capillary whose diameter is small compared to the mean free path of рая 
molecules (Fig. 20.10), Every molecule arriving at the hole of the capillary will 
pass through it freely. 

The rms velocity of a molecule passing through the capillary is (АЖТУт)7, 
instead of [(3KTy'm]'? (see Lee, Sears and Turcotie, 1973). Therefore, the mean 
energy of the molecule is; 

i 1 AKT 
т 


2 2 т 
The energy transferred with each unit of mass is 


= 24T 


U* =2KT=2 " T, | (20.77) 


where y is the molecular weight. 
The enthalpy of a monatomic idea] gas is 


3 R R 5 
h-2utp-2——Tt2-—p-2— 
PUT р 2 


ІТ 


ра 


Fig. 20.10 Tipo пенен conmected бу a capillary 
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Therefore, from Eq. (20.76), 


SRT ,АТ 
åp 2 H и 1R 1р 
Т oT 2 ро 2T 
which leads to 
рур = PT] (20.78) 


20.7.2 Ordinary Ideal Gas 


If the diameter of ihe hole is large in comparison with the mean free path, the 
energy transferred with an element of gas is the whole energy of the gas or its 
enthalpy, so that 


U* =h 
ог, AMAT=0 or p =p 


Thus, there is no thermomechanical effect for an ideal gas under ordinary 
conditions. 


20.7.3 Other Applications 


A temperature gradient giving rise to a pressure gradient and mass transfer is also 
demonstrated in fountain effect, іп which liquid helium below the A-point 
(2.48 К) upon hemg heated flow from vessel ! in vessel 2. The same effect 
manifests itself in gases or liquids when a membrane separates the two vessels. А 
difference in concentration (or Ap) arises as a result of temperatura difTerence. 1t 
is called t/rermo-osmosis. 


20.8 Stationary States 


In the domain of irreversible thermodynamics, a stationary state is defined as the 
state of a system when all the thermodynamic properties of the system pet 
independent of time. 

АП natural processes are characterized by certain forces А, Æa, ..., А, and 
Пихеѕ J), JA, ..., Jp Let us fix a number & of these forces, viz., Ху, X5, ..., X, at 
constant values by means of external constraints. The remaining forces 
Aon Agen -n AS are kept free. The system will undergo а natural evolution till 
the free forces are destroyed and finally arrive in a state of minimum entropy 
productioo compatible with the constraints imposed. Thus we have, 


ЕН = 0 (where i=£+1,44+2, 0.5) 
Ox, Rte Bye te 


We call this state as the stationary state of k-th order. Since g is a quadratic 
function of.X’s, it can be proved that when £'s of the forces are kept fixed, the flux 
Jk +1 а> m da vanish. 


ana 
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SOLVED EXAMPLES 


Example 20.1 Show that in the case of irreversible coupled flows of heat and 
electricity. 


(a) To= (АТ + Qa; * Ln) AT AE + Ly (EY 
д EN 
(b) 3AE SAT (Ta)g = 24, 


(c) Show that with AT fixed, the equilibrium state obtained when Л = 0 
involves a minimum rate of entropy production. 

(d) Show that with AF fixed, the equilibrium state obtained when /, = 0 
involves a minimum rate of entropy production. 


(Га), = 2л, те 


Solution 
From Eqs (20.6) and (20.7), 
AT АЕ 
= Е +L 
и T 12 T 
АЕ 
=1,, АТ Ly — Т 
From Ед. (20,11), 
АТ АЕ 
g =f, — tJ, — 
577 UT 


Га-ЖТАТ%ЛТАЕ 


АТ АЕ 
L4 — +L ТАЕ 
bs T @ үз 


» = Ly(ATY + (Lj * Lj) ATAE + І, АЕ Proved 
9}. 
From Ед. (20.11), 

To = БАТ+ЛАЕ 


д _ RA | Әл | 
Jag 7074 r| 2% a АЁ [AE], 


L 
=A Т1 
T 


tat AE TA 


Ё + і 
2m 2 


-| АТ oF үл 
Г 


-J4,*J,724, Proved (b). 


B _ ә] ү ài] 
sap 299 rat} se] sae] N 


Similarly, 
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Т Lj 
ЛАТ АЕ 221 
5 T T 


= Js + JS = 2А Proved (b). 
From (a), 


L (ATD? АТАЕ AEY 
g- +a m + SAB 


Т 
For minimum rate of entropy production, 
да AT „L 
——| =0+22,,—-+2—24AE = 0 
Es AT т 7 ті 
АЕ 
"LE —— 
12 AT 
Subsututing in Eq. (20.7), 
AE АТ AE 
J -in АТ a (n? Proved (с). 
Again, 
do Lii E 
PONE 2 АТ +211 = +0 = 0 
т), г т? 
АЕ 
Lj 7-L,—— 
п AT 
Substituting in Ед. (20.6), 
AE AT AE 
J=- Le —— — + £,, — =9 Proved (d). 
8 гат T 27. ved (d) 


Example 20.2 Тһе difference between Seebeck coefficienls for bismuth and 
lead is given by 

– 43.7 (uV/deg) – 0.47 (нУ/дед и 
where t is in ^C. 

(a) Calculate the emf of a Bi-Pb thermocougle with the reference junction at 
°C and the test junction at 100°C. (b) What is the Peltier coefficient of the test 
junction at 100°C? What Peltier heat would be transferred al this junction by an 
electric current of 10 amperes in 5 min? Would this heat go into or out of the 
junction? (c) What is the difference between the Thomson coefficients at points at 
50°C? 

Solution 
(а) S1-357-43.7 .47 
100 
E,g7- | [43.7 *0470d: 
0 
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where t is in °C, a, = - 5.991 x 10°, a, = - 0.036 x 105,0, =5 x 10-7, 
Calculate (a) the Peltier heat transferred at a junction at (1) 1000°C, (ii) 500°C by 
a current of 0.001 amp in one hour, (b) the temperature at which Peltier heat is 
zero, and (с) the difference in Thomson coefficients at the above temperatures. 


MUTOH 
Eg, „= | [$^-5 в] aT 


Жаң s s 
ат ATSB 
АН в a 
TA B7 = TI$,— S g] 
Given: Е=@(Т-273) + 22. (T-273y + — = (T- 273) 


=Z = a + a (T-273) + а; cam 


Лл, p = 1273 [- 5.991 x 10:5 — 0.036 x 10% x 1000 + 5 
x 10712 x (1000)7] 
= — 0.047 voit 
Peltier heat at 1000°С = m, p Jt = 0.047 x 0.001 x 3600 
=— 0.1691 Ans. (a) 
At 500°C, 
z, p = – 0.0286 volt 
Peltier heat = — 0.0286 x 0.001 x 3600 
--0.103J Ans. (a) 
When л, р 0, 
T(a, + ам + 037) ^ 0 
ora + att ao, = 0 
_ в; +[а – 40,0, 
20, 
0.036 x 1075 + [00.036 107)? — 4 x (-5.991x10 9) (5x10 ?)]^ 


2x5x10 


0.036 X 1075 + [1.296 x 1075 + 119,82 x107" |^ 
= ІШЕ 
_ 0.036 x10°° + 37.63 x 107? 
~ 107!! 
_ (0.036 + 0.037) x 10^ 


ОП = 0,073 x 10° 
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20.14 


20.15 


20.16 
20,17 


20.18 


20.19 


20.20 
20.21 


20.22 
20.23 


20.24 


10.25 


20.26 


Е = degree of reaction, 
A = chemical affinity = (v, Ду + Ya Hy – [v u, + УД] or у, 
+ ahal- {YH + Vy Hal- 

What will be the entroty generahon for multiple forces (temperature gradient, 
electric potential gradient, concentration gradient and chemical affinity) 
simultaneously existing in а syslern? 
Why is Onsagers reciprocal relation often called the fourth law of 
thermodynamics? 
What do you mean by entropy of transport? 
Establish the governing equations of thermo-electricity аз given below: 


ad 
j= ERATSM атас. dE 
T dx dx 
ja age dL nd 
I dr 


dT dE 
Ja a=- [k+ ATS"] —— -ATS* — 
q dx dr 


Explain the “Scebeck effect”. Show that the Seebeck emf is given by: 


T 
E, p 7 | [95 - 54] d7 
. Tc 
What is thermoelectric power of a thermocouple? Show thal it is given by the 
difference of the entropy transport parameters of the two wires. 
Explain what you undersland by Peltier effect. What is Fetter hear? 
Show that the Peltier emf is given Бу: 


Fg = TSA S5] 
Show that Peltier effect ін reversibte. 
Explain Thomson effect. What is Thomson heat? 


$ 
Show that the Themson emf is given by T sT, Т. 


Show that the difference іп Thomson coeflictents for lhe two wires A and В 15 
given һу 


d » - 
бл Og = Te [54-56] 


Establish Thomson's first and second relations of thermoelectricity as given 
below: 


“Елв 
Хан” 47 
а?Е 
a,-d,=-T AB 


dr 


Kinetic Theory of Gases 
and Distribution of 
Molecular Velocities 


The kinetic theory of gases attempts to explain the macroscopic properties of a 
gas іп terms of the motion of its molecules. The gas is assumed to consist of a 
large number of identical, discrete particles called molecules, a molecule being 
the smallest unit having the same chemical properties as the substance. 


21.1 Molecular Model 


The kinetic theory is based on ceriain assumptions regarding the molecular nature 
of the gas. 


l. 


Any finite volume of a gas consists of a very large number of molecules. 
The number of molecules in | Кото! ofa gas is 6.023 x 1026 which is the 
Avogadro's number Му, At standard conditions of 760 mm Hg and 0°C, 
| Кето! of gas has a volume of 22.4 m°, so that there are approximately 
3 x 10!5 molecules in | mm" of volume. 


. The molecules are like identical hard spheres moving about continuously 


in random directions. They are separated from one another by distances 
about 10 times the molecular diameter (2 to 3 x 10^? т). 


. The molecules move only in straight line paths, the directions of which 


change only by collisions. 


. Collisions of molecules are perfectly elastic, so that there is no decrease in 


kinetic energy during a collision. 


. The molecules are distributed uniformly throughout the container. If there 


are № molecules in a container of volume Г, the average number of 
molecules per unit volume, м, is equal to V/V and dN = пар, where the 


M 
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volume element dV is small compared to the dimensions of the container, 
but large enough to contain many molecules. 
6. All directions of molecular velocities are equally probabie. 


21.2 Distribution of Molecular Velocities in Direction 


Let us imagine that to each molecule is attached a vector representing the 
magnitude and directioo of iis velocity’ When all these velocity vectors are 
transferred to а common origin, we have a distribution in velocity space 
(Fig. 21.1). Let us now construct a sphere of arbitrary radius r with its centre al 
the origin (Fig. 21.2). The velocity vectors, extended if necessary, intersect the 
surface of the sphere at as тапу points as there нге molecules. The average 
number of these velocity points per unit area is N/(4 $77). An element of area on 
Ше surface of the sphere of radius ғ im an arbitrary direction specified with 
reference to a polar coordinate system by the angle 8 and ¢ (Fig. 21.2) is given 
by: 


кен Ta ғұ 


VE 


Fig. 211 Felacity seviors of molecules іл celocity space 


dd = г? sin 6-40-49 
The number of molecules having velocities in a direction between апа д +40 
d and ¢ + dé, which is denoted by Мн is 


N 
Amp? 


ФМ» = r sin 8-d8- 9$ 


М . 
= — sin 0:40: 214 
"" n Фф (21,1) 
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Ay 


n8 
ЧА sre од ф rdé 


Vy 


Fig. 21.2 Eirmenial arem on the surface uf а sphere ік nelocity space 


When we divide the two sides of the equation by volume Г and substitute 
n= МГ, we get: 


л, = re 8.dó-d$ . (21.2) 


The magnitude of the molecular velocity is the speed. Not all the molecules 
have ibe same speed. The speed of the molecules can vary from zero to the speed 
of light. However, for mathematical convenience, we will assume the molecular 
speed varying fom zero to infinity. 


21.3 Molecular Collisions with a Stationary Wall 


Any surface in contact with a gas is constantly bombarded by the gas molecules 
from all directions and with all speeds. Let us consider the area dd of such a 
surface (Fig. 21.3) with Ше angles 8 and ф so specified. The number of molecules 
travelling in the @@ direction and with a сегіліп velocity г are designated by 
йлы. The collision of any one of these molecules with arca 44 is called a Вфо 
collision. The slanted cylinder (Fig. 21.3) has edges in the direction 0, ф and а 
length 092, equal to the distance travelled to Ше 82 direction with speed v. The 
number of &ét collisions with area ЧА in time dr equals the number of Өй 
molccules in this volume. 

Let dn, represent the number of molecules per unit volume with speeds 
berween v and v + dv. From Eq. (21.2), the number of Өлу molecules per unit 
volume ts: 


NE ird sin 0-40-49 


The volume of the cylinder is: 
dF = d4 г” cos 8 
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The number of &@v molecules in the cylinder, and hence, the number of дфо 
collisions with area д4 in time dr, is: 


Матта! 
і 


Fig. 21.3 Spo collision of moleewies with a wall 
2440! 

Am 
The number of collisions per unit area and per unit time is 


dna, dF = dn, sin 6-соз 8-40-4ф 


ld, sin @ cos 6404$ (21.3) 
Am 


The tota] number of collisions per unit area nnd per unit time made by 
molecules with specd v is found by integrating over 9 from zero to 3/2, and over 
$ from zero to 2x. This gives: 

Eil 


2х 

1 : 1 1 
—vd sin 8cos 0 00 | dé=——vda, —2л 
AR “| | jag a 


1 ivda, (21.4) 


The to1al number of collisions per unit area and per unit time made by 
molecules having all speeds 15 given by: 


1 оё, = LE (21.5) 


==. (21.6) 
[9л, 
0 


Multiplying the numerator and denominator by volume Р, 
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Here, 


v _ MES v? _ Мг: + №0 Te 8 $ nv; 
YN М+М, +--. п 


21.5 Absolute Temperature of a Gas 


Since n = МУ, Eq. (21.15) can be written as: 


р/-ітмоі (21.16) 
For an ideal gas, 
рУ =nRT, 


where n = number of moles, 2 = universal gas constant 8.3143 kJ/(kgmol-K} and 
T = absolute temperature. Now, 


п = ММ, 
where М, is the Avogadro's number, 6.023 x 10 molecules‘kemol. Therefore, 
the ideal gas equation of state 15: 


p¥= N-É-T = МКТ (21.17) 
№ 


where К = Boltzmann constant = 1.38x 107 J/(molecule-K). From Eqs (21.16) 
and (21,17), 


or t = B KT/m] 2 (21.18) 
where т, 15 called the root-mean-square (rms) velocity of molecules, which is a 
function of temperature. Now, 


1 2.1 ЗАТ 3 

277 > " УАТ (21.19) 
The mean translational К.Е. of н molecule is proportional to the absolute 
temperature, or conversely, the absolute temperature ofa gas is a measure of the 
KLE. of the molecules. 


The total translational К.Е. of the molecules, U, is 


= AKT (21.20) 


The speed of a pressure pulse in an ideal gas 15 given by 
v, = [Y RT]! 


taria 


----- ------ 
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174 [2+4 0-5 = Rr (21.25) 


where v is the molar volume (m"/kgrnol). This is known as the van der Waals 
equation of state. 


21.5 Maxwell-Boltzmann Velocity Distribution 


И was shown that the rms velocity of the molecules of a gas is related to the gas 
temperature. If all the molecules of a gas at a certain iemperature move at the 
same speed, then the rms value describes the velocity magnitude of all the 
molecules. However, the speeds of gas molecules vary widely, and it is thus 
necessary to determine the velocity distribution of the molecules, so that the 
number of molecules moving with any particular velociry can be determined, 

Let us consider a volume of gas at a constant temperature, the molecules of 
which are moving at different velocities. The instantaneous velocity vector of 
each molecule is resolved into components »,, v, and v,. Let us imagine a velocity 
space (Fig. 21.7) во that the surface area of a sphere represents, at an instant of . 
time, all molecules of equal velocities. Each molecule has a representative point 
in velocity space. The number of molecules whose velocities lie between » and 


„” P4 
Vy X 
Е “ЧУ, 


Fig. 21.7  Lelocity space 


p+ dv would be represented by the spherical strip of thickness dv, and be denoted 
by di. Since the total number of molecules N is very large, the strip dv, although 
small, still contains a large number of molecules. Let аА, represent Ше number 
of molecules whose x-component velocities lie betweenv, and v, + do,. Then the 
fractinn (ӘМ, VN is a funclion of the magnitude of v, and the distance dv,, оғ 


аһ 
yr “/@дЧо, (21.26) 


Kinetic Theory of Gass and Distribution of Molecular Velocities = 871 


where / (v,) is called the distribution function forx-component of velocity. 
Similarly, 


„} do, (21.27) 


ам, 
and ~E -f(v do, (21.28) 


Some of the molecules of d, " have y-component velocities lying between г, 
and v, + dv,, and let this be represented by ËN, vy A differential of second order 
PN, y чу has. been used, since this is a small fraction of an already smali fraction, 
but still large enough to contain many molecules. Since the number of molecules 
is large, the following relation holds good. 


d'N, М, 
Е (21,29) 
ам, N 
or an Ға = ЗМ, “АМ, -—- ` 
= Nf (v,) f (v) do, dv, (21.30) 


Similarly, d, v, v, present the number of molecules whose velocity 
components would lie between v, and 0, + dU,, v, and v, + ар, and v, and 
2, + dr, Therefore, 

eN, "i Nf (v) f (v,) f (v,) du, do, dv, (21.31) 

The number of representative points per unit volume, or the density of points in 

velocity space, represented by 9, ts: 
3 


p- do, do, dv, = М) f (v) (т) (21.32) 


Since the velocity distribution is isotropic, the density is the same in amy volume 
element so that: 

= NP (RIS (v,)J (uj) du, + Nf i») РФ) f (0) 

doy + Nf (1) (v) (v) dv, = 0 
f 
JO ap, + fey) dv, + FC) ар, =0 

f(v,) /о,) f(v,) 

Ata radial distance v from the origin, 
=u, + v? + v? = constant 
vdo, + ody, + vdt, = 0 (21.34) 

То solve the Eq. (21.33) subject to the constraint of the equation (21.34), 


Lagrange е method of undetermined muifipliers is applied. Multiplying 
Eq. (21.34) Бу A and adding to Eq. (21.33), 


(21.33) 
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| гем) (Px) + Ат, |а, + Ез + Av, le 


f(x) 
Шам 0,50 (21.35) 
Жа.) 
where А is called the Lagrange ’s multiplier. 
Since 0,, Y, and v, are now independent variables, the coefficients of dv,, йр, 
and др, are individually equated to zero. 


= 21.36 
J) K ( ) 
rop 
795 * dv, = (21.37) 
FU) ұр a9 21.38 
fo) ^" (21.38) 


From Eq. (21.36), 
Ч) 1 уу, 
dw, Ле.) * 


HLA. d 
Іа f(t) = -A—— +Ша 
or о) = a.c hi? (21.39) 
Similarly, Дор a.c Ov? (21.40) 
and fo) = a. c UY (21.41) 


where a is the constant of integration. The symmetry provides the same 
integration constant for all the three equations, 
Substituting the expressions for f (о), f (p,) and / (7) in Eq. (21.32), 
=N Aje Des 
a? Рт + 
pe өту 7; l= dp, dv, dv, 

or р= Мазев (21.42) 
where В= АР 
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The density 15 found to be a function оѓо only, and it is maximum ai the origin 
where v = 0 and falls off exponentially with v“ (Fig. 21.8). To calculate the 
pumber of molecules with speeds between v and v + dv, the volume of the 
spherical sheli of thickness dv at a distance v from the origm is multiplied by the 
denstty of points, so that 


а 
Fig. 21.8 Density of velocity poinis 
dN, = 4 ви dup (21.43) 


Substituting for p from Eq. (21.42), the total number of molecules: 


N= | 470 Мо? e* ар 
b 


= 4 xNo? [ 0220 do (21.44) 
0 


To integrate the above expression, let x = Й ірі, so that 
Ух 


dr = 5^2 
В 25 


бг-2В Ух аг, 
fore aoe [Se "AE 

- р] * 

=l pf3\__1 мт 
БЕТІ (z)"-:p 2 


where T (n) = | x! &* dx (л > 0) is called сатта function, ihe values of which 
$ 


are given in Table 21.1. 
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Now, U = Aner = ink 
2 AB 
м 12 
5 =| —*_ 21.47 
ЖЕН (1.47) 
From Ед. (21.45) 
" 1/2 
— 21.48 
E 
Substituting these values in Eq. (21.43), 
dM, = 480 do N m e? 
3% 
=4rN | — 02 g ET јр 
2AKT 
dN, _4N| m T^ a ар 
h = —— |o р 21,49 
ж ал ЕЗ ч а 


This equation is known as Maxwell-Boltzmann velocity distribution function. 
Plots of dN,/dv vs. v are shown in Fig. 21.9 at three different temperatures. The 
areas under all these three curves are the same, since the area represents the total 
number of molecules. The area of the elemental strip of thickness dv at a distance 
v from the origin under the curve, say, at temperature Т) represents the number of 
molecules dN, having velocities lying between v and v + dv, which on integration 
from v = 0 to v = = becomes N, the total number of molecules. It an be shown 
that the maxima of these curves (Fig. 21.9) fall on an equilateral hyperbola 
(see Ех. 21.5). 


| Жа, — Equilateral hyperbola 


Fig. 21.9 Velocity distribution function at three different temperature, Т, > T; > T; 
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Substituting « and Б in Eq. (21.42) for p, 


372 2 
ФМ, = м т | e BT dp, dz, dv, (21.50) 
“уз | ORKT 


Tbe speed distribution function for each of the three velocity components may 
similarly be determined. From Eqs (21.26) and (21.39), 


dN, = М/(о,) dv, = Nate 02 do, 


2 
ше nnn 
ДАТ 
ам, М т I2 -Jev 
L= —— : 21,51 
dv, Жат | (21.21) 
А plot of dy /а0, vs. v, at a certain temperature is represented іп Fig. 21.10. 
/2 
The curve is symmetric about”, = 0 and has a maximum value of m | 
2X KT 

ony, 

dy, | 

| 


Fig. 21.10 Махие-Бойолапп distribution function for х-сатроптті velocity 


21.10 Average, Root-Mean-Square and Most 
Probable Speeds 


Tbe average speed, 0 , of a gas molecule is defined as the sum of the speeds of ali 
molecules divided by the number of molecules. 


р = 5 = 1. [varv dv Мае б“ 
№ 
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Let x = B^v?, then тір = — dr 


3 LI 
and pP [11 dre” 
D 


1/2 | 
ог p- ЕЗ (21.52) 


The root-mean-square speed is defined as the sum of the squares of the 
velocities of all molecules divided by the number of molecules, 


рам, А 
vM 0 = J amin fn ӨРУ dp 
ам, 0 
| 
аВ т 4 -pir 
= Ue de 
т} 
Putting r= fr’, 
AD [Xx x 1 ale 
v a7 т) 5 gi 2 dr е 
_а 17 (5/2)-1 я 
= ШЕ. dx 
Ут ;pl' i 
202 p($). 2 34/45. 5 
жет; B. x "hal 28? 
„= В 4 
2 f 
1/2 
or "e E (21.53) 
m 


The most probable speed is the speed at which Lhe largest number of molecules 
is moving. It is the speed which occurs most frequently. To determine Yam Lhe 
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expression of dN /d, is differentiated with respect to v and equated to zero. From 
equation (21.49), using fl, 


с) анне]. 


dvi de / dv 
or os P [=8 2o 2 ре] =0 
Jn 
Фа ИВ 
or Tmp = [2KT/m] ^ (21.54) 


The relative magnitudes of the three speeds are shown in Fig. 21.11 and their 
values are in the following proportions: 


8 Frp Vv Viena 
—————— e M 


Fig. 2141 Rrlatiw magnitudes of 2,,,,, P and п. 
бир: U: Ug = 1: 1.128 : 1.224 (21.55) 


21.11 Molecules іп а Certain Speed Range 


To calculate the number of molecules with speeds in a certain range, it is 
necessary to integrate the speed distribution function between the limits of that 
range (Fig. 21.12). The number of molecules having speeds between О and v 1s 
given by: 


Fig. 21.12 Number of molecules in the speed range of o and v 
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( AN ү igi Qe 
Ny,7| dM, = — e" dv 
(-v | ¥ Jt L 
Let x = Bv = v/v, and dx = Ват, then on substitution, 
4N 1 E 
Noy == | xe dr 
йү іт! 
IN { 


Integrating by paris, 


- [er (х)- A d (21.56) 
т T2 
where x = E v and erf (x) is the error function defined as: 
erf(x) = i. | өз dx 
Ул 0 


The values of erf(x) as a function of x are given in Table 21.2. 


Table 21.2 Гіне of ihe Error Frrnction 


2.2 f -xi 
ert (xj == | # ^ dx 
H 


x erf ix) І erfiz) x ех} 

0 0 1.0 0.8427 2.0 0.9953 
0.2 0.2227 1.2 0.9103 2.2 0.9981 
04 0.4284 1.4 0,9523 2.4 0.9993 
0.б 0.6039 1.6 0.9763 2.6 0.9998 
0.8 0.7421 1.8 0.9891 2.8 0.9999 


To compute the number of molecules having velocities lying between 0 and 
Up: Ше value of x will Пе between 0 and 1. Then, from Eq. (21.56), 


м..-М|аға)--2-1е| 


2 
-М|08427----- 
| mà 
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" г 


= 0.4167 № 


Le. 41.67 рет cent of the molecules have speeds between 0 and Un: 
eimilarly, to find the number of molecules having x-components of velocity 
between 0 and v,- 


From Eg. (21.51), ' 


Putting x= Bv, = v foa, where dx = В do, 
dN- = є dr 
М foa 
No,=——| e dx (21.57) 
Ул | 
Now, І e" d= ул erf(x), 
м 2 
N 
50, Ма, 7 erf{x) (21.58) 
Ғог х= 1, 
Noy = — « 0.8427 = 0.4214 М 
For ' х= =, 
№... = М2 
The number of molecules having х-сорфодети velocities betweenx and =, 
Noe. = NON erf (x) 
2 2 
- T [1 -erf (x)] (21.59) 


21.12 Energy Distribution Function 


The molecules of a gas at a certain temperature have different velocities and hence 
different kinetic energies. The translational kinetic energy £ of a molecule af mass 
m moving with a velocity v, is 


Е om 


E= — 
2 


Differentiating, 
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de= modo m (26 do = J2mE до 
m 


Ал expression for the number of molecules with translational kinetic energies 
within в ceriain range, say between ғ and є + dé will naw be denved. From 
Eq. (21.49), 


32 

dN; = ы ( T } ŽE em t 
m (2mE) 

Therefore, 


ай,  2N e? eg 
dg Ул (KTP? 

The notation of d, has been changed io аМ,, since the distribution is now 
expressed in terms of £. The above equation is known as the Maxweil-Boltzmann 
energy distribution function where «М, represents the number of molecules 
having energy between £ and € + de. Figure 21.13 shows the distribution of energy 
of molecules. The most probable energy of the шоесшез is given by making: 


(21.60) 


— ЕЖТ 
Fig. 21.13 Maxwell-Boligmana energy ditribution funciion 
d | ам, | - 2N (есен 1-2 
ЧЕ | de ут (КТ)? 2 
1 - 
"mr (- v ul =o 
КТ)“ 
On Simplification, 
l 
=— AT 21.61 
Enp 2 ( ) 
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Chapter 19. The kinetic energy associated with t, is a quadratic function of Dy, 
and the mean value of £, as found earlier, is 2 AT. For rotation, the kinetic 


energy is 2. iaf and the mean rotational kinetic energy associated рег degree of 
freedom 15 > xT . Similarly, for а simple harmonic oscillator, the potential 


energy is 1 kx^, where k is the force constant, and the mean potential energy is 


> КТ. Therefore, for all the degrees of freedom in which energy is a quadratic 


function, equal amounts of ecergy are associated, and the total energy of a 
molecule is shared equally among all the degrees of freedom. This underlies the 
principle of equipartition of energy. 


21.14 Specific Heat of a Gas 


Following the equipartition principle, the mean total energy of a molecule having 
J degrees of freedom is: 


/ к 
= — 21.62 
;* ( р 
and the істін! energy of N molceules is: 


U- NE =. мт- 2 7, 


f 


or, molal internal energy, н = 2 ЕТ 


and molal specific heat at constant volume: 


ды | {fos 
=| —| ==—R 21.63 
"v E у 2 
For an ideal gas, 
с-су- Ё 
т.т. 7+2 5 
= = R+R = R 
^ 2 
and үз дис, 222 (21.64) 


It is tọ be noted that c,, c, and y are al] constants and independent of 


bem perature, 
Рог a monatomic gas which has only translational kinetic energy, / = 3. Thus, 
_3- _ 35 2-0 ӛт _ $ _ 
wR RTT RT K and = 3 - 1,67, 
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Petit treated a solid as consisting of ntoms, each regarded as a harmonic oscillator 
of thrce degrees of freedom. For simple harmonic motion, the energy associated is 
partly kinetic and partly potential. if the equipartilion principie holds good for 


solids, 1 KT ts assigned for kineuc energy and i KT for potential energy, во 


that for cach degree of freedom the energy associated is AT, and for three degrees 
of freedom it is ЗАТ. So the total energy of V molecules is: 


U-3NKT-3nRT 


ог u=3RT 
and the molar specific heat at constant volume is: 
c, 7-3 В = 24.9 kJ/kgmol К (21.65) 


This is known as the Dulong-Petit law which states that the molar specific heals, 
at constant volume, of all pure substances in the solid state, at temperatures, 


which are not too low, are nearly equal to 3 А. This agrees well with practical 
values. But as 7 —23 0 A, c, —> 0. So the ciassical theory of specific heat of a 
solid fails at very low temperatures, and the solution requires the methods of 
quantum mechanics as proposed first by Einsiem and then improved by Debye 
(Chapter 19). Figure 21.15 gives the variation of c,/38 with ВТ, where Өр is the 
Einstein temperature h y/K. lt shows that as Г— 0, с, — 6 and as Г — =, c, 


— } R. 


= 


Cyn 


0 0.5 1.0 1.5 2.0 
ВЕТ 


Fig. 21.15 Specific keat of solid! 


SOLVED EXAMPLES 


Example 21.1 Calculate the rms speed for oxygen at 300K_ What is the mean 
transiational kinetic energy of a molecule of oxygen? 


х 
| Жж. 40 as 
xix 4X Со 4Ѓ 

2м – M Аг 
ln = = 
N 2Ұ 
exp | – 

2Ғ 


Since, pV = МЕТ, 
М, = y ‚ wherep, is the pressure of gas in the left chamber, and M= P,V/AT 
where p, is the initial pressure. On substitution, 
Py 2 р 37 (1) 
Similarly, on the right side of the membrane, 
ay, =+ A2 [AL №] 
4 LF 4 


N-2N, АР 
Let x = N— 2М,, so that dx = - 2@\,. 
Initially, М; = 0 (evacuated), г. x= № 


x= -2N5 t -- 
хаМ 2х 5047 
N-2N, _ Аш 
In ——— —. = -2 
М AV 
" 2м, - exp |- a 
N 2Ғ 


М Ар! 
di) 
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. НЕСЕ” : 


Equations (1) and (2) show the variations of pressure with time in the left and 
righi chambers. 
Ài t= 0, p, = py; and р, = 0. At t= о, p = р, = pan ANS. 


Example 21,4 A spherical satellite is moving in the outer fringes of the earth's 
atmosphere where the molecular free paths are very much large compared to the 
зе] ие radius ғ. By treating the satellite as moving with velocity u through a 
` space with particle density м of stationary molecules of mass т, derive an 
expression for the drag due to elastic collisions with these molecules of the 
rarefied pas. 


Solution lt is the case of collision (elastic) of a molecule with a moving wall 
and it will be assumed that the relative velocity of the moiecule before and after 
collision remains unchanged (Article 21.7). The Joss of kinetic energy in one 
collision is: 


Lm (0 соз a - > m (v соз @— 24)" = 2 mow cos Ө- Zu" 


Loss of K.E. in all collisions per unit area per unit time 


= | A oan, sin Ө сов 04944 [2 mow cos Ө- 2ши] 
фВу 


= x/2 2a 
= oma foran, | [sin B cos? 640 Jae 


тие, Тш 0 cos 640 joe 


- ШИР lag + mut on + on 
25 3 2л 2 

=1 mnv? и – 1 mand ut 
3 2 

The drag on the spherical satellite due to collisions of molecules: 


| Zen u- тии? fanr? 
_ 13 2 


Ы 


=2ят |2 v v -«g| Ans, 


Example 21.5 А thin-walled vessel of volume F maintained st constant 
temperature coniains a gas which leaks out slowly through а small hole of area 
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4. The pressure outside is low enough so that back leakage into the vessel is 
negligible. Find the time required for the pressure in the vessel to decrease to 1/е 
of its original value, expressed іп terms of A, V and v. 


Solution Rate of molecular collisions per unit are a = rud Meglecting back 


leakage of gas into the vessel from outside, the net rate of flow of gas molecules 
through the hole of area А is given by: 


dN 1. DN. 

АЕ МБА 

d а” 4 F 
SN 20407 


where M, and №, are the initial and final number of molecules of gas in the vessel 
and 115 the time. 


№ 4 V 
Again, р = МКТ, assuming the gas to be ideal. Since F, K and T are constant, 
рег = NAM, 
Therefore, 


— —— =], ~ Time required, t = —— Ans. 
Example 21.6 Taking the speed distribution law, 
3/2 
dN, =4 r N| | е2 pap 
Fea Í 


and setting у = diV,/dp, show that the maxima of the curves for different 
temperatures fall on an equilateral hyperbola given by 
yv = 4N 
Œ ед‘ 
where Dp is the most probable velocity. 
Solution 


ан м | (ш+їу{2КТ) „2 
у. -ycáx ғ 
d ” | 


For y to be maximum, dy/dr = 0 when 


0 = D = mp 
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The most probable velocity v,,, = [2K T/m] ^ 
Substituting Vay for v and for [2K Tm], 


_ 321 -viwtvLs 
у = 4 aN [100] ИЕ“ тро mẹ U тр 


OF у= 4А l1 
Ух Vm € 

_ 4М 

vem =, Л 


Therefore, the maxima of the isotherms fall оп ап equilateral hyperbola given 
by the above equation (see Fig. 21.9). 


Example 21.7 Compute the most probable speed, the mean speed, and the root- 
mean-square speed for helium at 0°С. 
4.008 


m -24 
6023x192 7 965x107 g 


Soluron Mass of an helium atom = 
2x138 x 10-16 x 27315 | 


6.65 x 1074 
= 1064 m/s Ans. 


8х 1.38 x 10-15 x 273.15 | 
314 x 6.65 x 107 

= 1201 m/s. Ans. 

Ua = [3KT/m] = 1303 mis. Ans, 


Uno = [2XT/m] ^ = | 


0 -(ЕКТ/лт|2- | 


Example 21.8 Calculate the collision mate of oxygen molecules on the wall рег 
unit area at | айп and 0°C. 


Solution 
то, = — ы 
6.023 x 10 
о -[8KP/£m] 
Rate of molecular collision 


= 5,31 x 107? g/molecule 


zl, 5-1 R[8KT| 2 р 
4 4 KT| лт [21m KE T] ^ 
1.01325 x 10° 


O zx $31 x 1025 x 138 x 10 х 2731572 
= 2.845 x 10” collisions/m's. Ans. 
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Collisions between molecules were not considered in Chapter 21 while denving 
the expressions for pressure and temperature of an ideal gas in terms of its 
molecular propecries. Intermolecular collisions will now be considered. 


22.1 Mean Free Path and Collision Cross-section 


Let us single out one particular molecule represented by the black circle and trace 
its path among the other molecules, which wonld be assumed to be frozen in their 
respective positions (Fig. 22.1). The distance traversed by a molecule between 
successive collisions is called the free path, denoted by x, and the average length 
of these paths is called the mean free path, denoted by А. The molecules are 
assumed to be perfectly elastic spheres of radius г. As two molecules collide, the 
centre-to-centre distance is 2r, which would remain the same if the radius of the 
moving molecule is increased to 2r and the stationary molecules are shrunk to 
geometrical points, as shown in Fig. 22.1 The cross-sectional area of the moving 
molecule is called the collision cross-section а, and it is given by 


с= 4 яг? 
The moving molecnle sweeps out in time f, а cylindrical volume of cross- 
sectional area б and length v /, where v is the average velocity of the molecule. 
The number of collisions it makes during this time, will be the same as the number 
of molecules whose centres lie within this volume, which is o nv t, where is the 
number of molecules per unit volume. The number of collisions per unit time is 
known as the collision frequency, denoted by г, which is: 
HEIL 0 (22.1) 
The mean free path of the molecules 15 given by: 
je Distance travelled in time ғ 
Number of collisions in time : 


M 
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Fig. 22.1 Free paths of a gar тоесый 


— -l (22.2) 
nave On 
Оп an average, the diameter (4) of the molecules is (2 to 3) x 10717 m, the 
distance berween molecules 3 х 107° m (or 10d), and the mean free path is about 
3x М m (or 00а) 
If motion of ali the molecules is considered and all the molecules move with 
the sanc speed, a correction is required and A is obtained as; 


А = 0. 75/0n (22.3) 
[f the Maxwellian velocity distribution 13 assumed for the molecules, 
A= 0.707/0n (22,4) 


For an electron moving among molecules of a gas, the radius of the eleciron is 
so small compared to that of a molecule that in a collision the electron may be 
treated as a point and the селіте-іп-селіге distance becomes г, instead of 2r, where 
r is radius of the molecule, Also, the velocity of the electron is so much greater 
iban the velocities of the molecules that the latter can be considered stationary. 
As a result, no correclion is required, and the electronic mean free path А, is given 
by: 

А = 4/0 n (22.5) 
where o= Ant 


22.2 Distribution of Free Paths 


The distance travelled by a molecule between successive collisions or the free 
path x varies widely. [t may he greater or less than A, or equal to it, Just like 
distribution of molecular velocities, we will now determine how many molecules 
will have frec paths in в certain range, say between r and x + dx. 

Let us consider a large number of molecules N, at a certain instant (Fig. 22.2). 
If the molecules collide, they will be assumed to get removed from the group. Let 
represent the number of molecules left in the group after travelling a distance x. 
Then these А molecules have free paths larger than x. In the next shon distance 
dx, letd V number of molecules make collisions and get removed from the group. 
so, these d molecules which have free paths lying hetween x and x + dx аге 


Transport Processes іп Gases “== B99 


Fig. 22.22 Molerules colliding and petting removed from the group 


proportional to № and to dx. Since N is always decreasing, dV is negative and it is 
given by: 

| dN =- P. N dx (22.6) 
where P, is the constant of proportionality, known as the collision probability. 
Then 


амм = — P, dx 
In NZ - P,x * А 
where А is a constant. When x = 0, N = №, and во А = In М. Therefore, 
N= Ме (22.7) 


The number of molecules that remains in the group falls offexponentially with 
x, From Eq. (22.6), 
ЧМ =- Р. №е?< dx (22.8) 
Using this expression for АР, the mean free path Д becomes 


[- хР, Nye ^ dx 
0 


Since А = І/тл,Р,-ан. The collision probability is thus proportional to the 
collision cross-section and the number of molecules per unit volume. The 
Eq. (22.7) can thus be writen as 


мМ= Ме" (22.9) 
it is known as the survival equation which indicates the number of molecules 


N, out of Ур, which survive collision and have free paths longer than x. А plot of 
ММ, vs x/À is shown in Fig. 22.3. [fx/A= 1, i.e, x ^» A, ММ, = 0.37. The fraction 
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Fig. 223 Plot of survival equation 
of free paths longer than А 55, therefore, 37% and the fraction shorter than А is 
63%. 
Differentiating Eq. (22.9) 


М wà 
dW=-2 e™* dr 
À 


с dN/dx = — ^. өза (22.10) 


This equation represents the distribution of free paths, It is plowed іп Fig. 
22.4. The area of the narrow vertical strip of thickness dx at a distance x from 
the origin represents ЧМ, the number of molecules with free paths of lengths 
between x and x + dx. 


Fig. 22.4 Distribution of free paths 
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23.3 Transport Properties 


A simple treatment based on the concept of the mean free path will now be 
piven for four transport properties of a pas, viz., coefficieot of viscosity, 
thermal conductivity, coefficient of diffusion and electrical conductivity, which 
govem respectively the transport of momentum, energy, mass, and electnc 
charge within the gas by molecular motion. 


22.3.1 Coafftctent of Viscosifp 


Let us consider а gas Mowing over a [lat stationary plate. Due to viscous effect 
there ts the growth of a boundary layer over the plate surface. 

The velocity of Awd at the surface will be zero, and it gradually increases 10 
free stream velocity as shown in Fig. 22.5, drawn for laminar flow. Let us imagine 
asurface P-P within the gas at an arbitrary height from the plate, where the fluid 
velocity is и and the velocity gradient du/dy. The velocity u is superposed on ihe 
random thermal motion of the molecules. 


Fig. 22.5 Flow of a gas over а figs plate 


Let us consider a volume element dF at a distance г from an element of area 
аА in the plane Р-Р, making an angle д with normal to 44 (Fig. 22.6), the plane 
Р-Р being the same as shown in Fig. 22.5. The volume element is very smali 
when compared with the physical! dimenstons of the system, but large enough 
to contain many molecules. The tota! number af molecules in dF is ndF, and the 
total number of collisions within dV iu time dz is + Zn-dV- dt, where z is the 
collision frequency of a molecule, n is the number of molecules per unit volume, 
and the factor + is required since two molecules ore involved in each collision. 
Since two new free paths onginate at each collision, the total number af new 
free paths, or molecules, originatmg in АР is ZndVdr. П we assume that these 
molecules are uniformly distributed in direction throughout the solid angle 4x, 
then the mumber headed towards the etemeutal area 44 is: 


тпай 
Ax 


where dw is the solid angle subtended at the centre of dF by the area 44 and із 
equal to (dA eos Or’. 


dw 
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Normal 


ау 


Fig. 92.66 Transfer of momentum across the plane Р-Р Еу molecules 
in random thermal motion 


The number of molecules that leave d F and reach d4 without having made a 
collision may be found from the survival equauion, Eq. (22,9), as given below: 
zndF d: dw е 
4m 


Since dV = г sin В. dB - d$ dr, the number of molecules leaving dV in time 
d! and crossing dA without any collision is 
2. dA eos? 2y A sin 0 d8 d dr 2 


The totai number of molecules crossing dA in time df from the top ts 


Noy = 77444 T sin 8 cos 648 т dé [ e dr 
an $20 ғ-0 
2я4АФ 1 
= ENAU Lop amt 2а дай 022. 
4л 2 4^ 


Since the dimensions of the physical syslem are very much larger than the 
molecular free path, the iniegral over r has been exiended to infinity. 

But z= v fA, so the number of molecules crossing the plane Р-Р from the top 
(or bottom) per unit arca and per unit time is ЛУ. This is the same result 
obiained earlier in Sec. 21.4 without considering any intermolecular collision. 

These molecules crossing the plane Р-Р may be visualized as carrying 
properties characteristic of an average distance у, either above or below е 
plane at which they made their last collisions before crossing. To find v, each 
molecule crossing from d¥ is multiplied by its distance ғ cos В from the Р-Р 
plane, it is integrated over & ¢ and ғ and then divided by М, crossing the 
planc. 


_ [yan [r оз OdN 
У = Te mer 
[ак N ры 
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-x—H -L and A dt. е sin Ө. cos 9. d dé dr r cos 
TET: 


Rid 2E - 
EE | sin 9 cos* Ө40 | dë j re "* dr 
Nel Am 8-0 $20 rEg 
21944 | 2 
—— IM À 
_ 4T 3 2 


a (22.12) 
1 Zn Ada dt 3 


The velocity of gas at a height y above PP is, 


3 dy 


if Ше velocity gradient is considered constant over distances of the order of a 
free path. 

The net momentum in the direction of flow carried across tbe plane by the 
molecules crossing PP from above per unit area and per unit time is: 


l nvm E + 2 A ш 
4 3 ау 
Similarly, the net momentum transfer from below is; 


The difference between the above two quantities is the net rate of transport 
of momentum per unit area and per unit time, given by: 


From Newtoo’s law of viscosity, this is the viscous force per unit area 


т= р du where p is the coefficient of viscosity. 


dy 
Therefore, 
pas ama (22.13) 
Putting g= l/Àn from Eq. (22.2), 
] mv 
= — .— 22.14 
376 { } 


where g is the collision cross-section. 
For а gas with a Maxwetlian velocity distribution, 


у = [8 KT/zm] 7, А = 0.707/0A 
Therefore, from Eq. (22,13), 
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The net rate of energy transfer per unit area is the difference of the above 
two quantities, which gives: 


l n КАР. 
6 dy 
By Fourier's law, this 15 given by: 
dy 
where Ё is the thermal conductivity of the gas. Therefore, 
k= 1. РУКА (22.17) 
1 УГА 
oF, k= — 22.18 
6 Gg ( ) 


For a gas with a Maxwellian velocity distribution, .. 
$ =[8&КТїїт] and А =0.707/on 


1 


к= it [XTam]!2 (22.19) 


The above equation predicts that the thermal conductivity of a gas, like 
the viscosity, is independent of pressure оғ density, and depends only оп 
femperature. it increases as the temperature increases. 

For a monatomic gas, / = 3 and putting с = nd’, 


1 кіт {72 
k= FINU | т | 


Dividing Eq. (22.15) by Eq. (22.19), 
uik= 2mifK (22.20) 


But —m-MN,K- RN с, = LR = I, 
where M is the molecular weight and М, is the Avogadro's number. Therefore, 
on substitution in Eq. (22.20) 
ие = | | (22.21) 
от, Prandtl number, Pr — pc yk = y (22.22) 
The results given by the Eqs (22.21) and (22.22) agree with the experimental 
values only as regards arder of magnitude. 


22.3.3 Coefficient of Diffusion 


[п в gaseous mixture, diffusion results from random molecular motion 
whenever there is а concentration gradient of апу molecular species. Let us 
consider two different gases 4 and В at the same lemperuture and pressure on 
the two opposite sides of the partition іп a vessel (Fig. 22.8), The number of 
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molecules рет unit volume (p/K T) is, therefore, the same on both sides. When 
the partition is removed, both the gases diffuse into cach other, and after а lapse 
of time both the pases are uniformly distributed throughout the entire volume. 
The diffusion process is often superposed by the hydrodynamic flow resulnng 
from pressure differences, and the effects of molecules rebounding from the 
walls of the vessel. When more than one type of molecule 15 present, the rates 
of diffusion of one species into another are different. To simplify the problem 
we assume: il} the molecules of а single species diffusing into others of the 
same species (seif-diffusion}, (2) the containing vessel very large compared 
with the mean free path so that collisions with the walls can be neglected іп 
comparison with coliisions with other molecules, and (3) a uniform pressure 
maintained so that there is no hydrodynamic flow. Of course, if all the molecules 
are exactly alike, there would be no way experimentally to identify the dilfusion 
process. However, the diffusion of molecules that are isotopes of the same 
element is a ргасиса! example of the self-diffusion process. 
Partition 


Fig. 24.8 Diffusion of gares A and B wea the partition is removed 


Let n denote the number of molecutes pet unit volume of one gas, blackened 
for identification (Fig. 22.9}. Let us consider difTuston across an imaginary 
vertical plane у-у in the vessel. Let us also assume that л increases from left to 


4L dv 


Pl UV ud 
^N Ci 


^ 
B 


ұ 
Fig. 22.9 Diffusion across ап imaginary plane 


908—— Basic and Applied Thermodynamics 
From Eqs (22.23) and (22.27} 
D- 1. Ze (22.28) 
Putting z = 0/4, 
D= 1. DA (22.29) 


For Maxwellian velocity distmbution of the molecules, 
y = [8KT/z m]'7 and А = 0.707/o n, 


2 Ту; 
D= —— [KTA 22.30 
Зс [ т) { } 


от, ІКТІт|!2 (22.31) 


2 
D г ------------ 
3л dn, 
The equation applies to diffusion in a binary mixture of almost identical pases. 
Dividing Eq. (22.15) by Eq. (22.30), 


НО = пт р 
ог, Schmidt mumber Sc = upD-1 (22,32) 


Measured values of Schmidt number for the diffusion of іксіюріс tracer 
molecules yield values between 1.3 and 1.5, which indicate qualitative agreement 
of theory with measured data. 


22.3.4 Electrical Conducttoity 


Conduction of electricity in a gas arises as a result of motion ofthe free electrons 
present in the gas. When high-energy atoms in the gas collide, some collisions 
cause ionization when an electron is separated from its atom, so that a negatively 
charged electron and a positively charged ian are produced from the neutral 
atom. Most gases at room temperature do not have many such high-energy 
molecules and thus have very few free electrons. At high temperatures, 
however, an appreciable number of electrons may be liberated and the gases 
may become highly conductive. In absence of external elecuical fields, the 
electrons will be distributed uniformly throughout the gas volume. As an 
electrical field is impressed on the gas, the charged particies are accelerated 
with a force 


Е-аЕ-т,87% (22.33) 
dr 
where 4, is the charge on the electron and E is the electric field strength (volts 
per metre). Integrating Eq. (22.33) 


р. = dz, 4 q, Et 
d di т 


At / — 0, v, = 0, x, = 0. Similarly, the velocity of a single charged ion is: 
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Pu m. On|8KT 
Using n — piKT, 
172 
4 
%- ал | AT (22.37) 
Gp | 8m, 


where c із the atomic cross-section. 
The flux of charge across unit area per unit time is called the current density, 
J. The current density is defined with respect to the average drifl velocity by the 
following equation, 
Ја п. д, De, (22.38) 
where n, is the number density of electrons. The mation of the ions is neglected. 
From Eqs (22.36) and (22.38), 


= E (22.39) 


The current density is proportional, to the electric field and the constant of 
proportionality is called the electrical conductivity, С, 
Ј= а, Е 
From Eq. (22.39), d, is given by 


Putting ÀA =T т, 74/gn, 


1:2 
„ёп. 4 (лт, 
т. On 


12 
o qm ЕЗ (22.41) 


The electron drift velocity v, is also proportional to the electric ficld and the 
proportionality constant is called the electron mobility, д, 


0. = He 
From Ед. {22.36} 
iH, = (aul t. m, 
Again, using 
А = 9, 1,— 4/On, 
ц-4 4. ÉD 24 [2 D oa 
т, Oma LSAT Он | m, KT 
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м 10 
н---21 e "* dx = zero Ans. 
10 


Example 22.4 Calculate the coefficient of viscosity of oxygen at 1 atm pres- 
sure and 300 K. 


Solution 

From previous examples, we have 
т = 531 x 1075 kp/molecule 
0 = 445 m/s 
с= X84 x10" т 


Therefore, i= — — 


_ (5.31 x 19775) kg/ molecule X 445 m/s 

и 33,84 X 10? m?/molecule 

= 2.05 x 107 kp/ms Ans. 
= 2.05 x 10° Мыш“ Ans. 


Example 22.5 Calculate the thermal conductivity of oxygen at | atm, 300 К. 
Solution 


For oxygen, a diatomic gas, the degree of freedom f= 5. 

г =[8 KTinm}” = 445 m/s 

o= лЁ = 3.84 x 1071? m? 
| Бук 
(0 
445m/s X 5X 1.38 Х 107 J/molecule К 

3,84 x107 т? /molecule 
= 0.0133 W/mK Ans. 

Ш the gas has Maxwellian velocity distribution, 
| УК 
30 
1 5x138 x10 2 J/molecule K 
з 384x10  m?/molecule | 


„| 138x 1073 (J/molecule К) x 300 
лх 5.31 x 10775 kg/molecute 


іл 


— 
-- 


e|- e 


k = [KT/ t m] ^ 
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— 3х3.84х10-8 т?к | mx53i1x10 2 
= 0.0095 W/mK Ans. 


_ 5x138x1077 J Е 
D^ T MU ms 


Example 22.6 Determine the pressure in a cathode-ray tube such that 90% of 
the electrons leaving the cathode ray reach the anode 20 cm away without 
making a collision. The diameter of an ion is 3.6 x 10 m and the electron 
temperature is 2000 К. Use the electronic mean free path A, = 4/on, where c is 
the cross-section of the ion. 
Solution 
The survival equation is 
М=М„е”* 
where № = 0.9 № and x = 0.2 m 
0.9 = z^ 
x/À = 0,1053 
А = 0.2/0.1053 = 1.9 т 
с= 4817 =4ях (1.8 x 190 19? 
= 40.715 x 107 ті 
= — = m = 19m 
А, Оп — 40,715 X107 2 Xx n 
_ 4 
n=- naeun ЕТЕГІ 
40.715Х10 ^ x19 
Pressure in the cathode ray tube 


= 5.17 x 1018 malecules/m"' 


p2nkT 
2547 x 10x 1.38 x 107? x 2000 Nim? 
= 14.27 x 107 = 0,1427 Pa ARS. 


Example 22.7 Oxygen gas is contained in а one-litre Mask at atmospheric 
pressure and 300 Қ. (a) How many collisions per second are made by one 
molecule with the other molecules? (b) How many molecules strike one sq. cm 
of the flask per second? (c) How many molecules are there in the flask? Take 
radius of oxygen molecule as 1.8 x 10710 m 
Solution 
(а) Number of molecules in the flask at 

] atm, 300 К = N/V = n = WKT 


- 101.325 X 1000 N/m? 
1.38 X 1077 J/molecule -K x 300K 
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anode, 20 cm away, without making a collision? Take for ion g = 4.07 x 1(Г!° 
m^ and T — 2000 K. 


Solution 
The survivat equation ts 
| N= Nye ™ 
Here, N=09 №, х = 0,2 m 
0.9 = е^ 
e^ = 1.111 
afd = In 1.141 
= 0.2/0.105 = 2m 


= Fm 


Electronic mean free path A, = tj. — $ 
On 407Х10 " Xa 


п = 1.23 x 1048 molecules‘ 
Now, pressure p = яКТ 


= 1.23 x 10# molecules y ү зв у уз — 7 
т 


molecule К 
= 3.395 x 107 N/m? Ans. 


х 2000 К. 


Example 22.10 А tube 2 m long and 10^ m” in cross-section contain CO, at 
amnospheric pressure and (^C. The carbon atoms in one-half of the CO, 
molecules are radioactive isotope С. At time ¢ = 0, all the molecules at the 
extreme left end of the tube contain rudioactive carbon, and the number of such 
molecules per unit volume decreases uniformly to zero at Фе other end of the 
tube. (a) What 15 the initial concentration gradient of radioactive molecules? (b) 
Initially, how many radioactive molecules per sec cross a cross-section at the 
mid-point of the tube from left to right? (c) How many cross from night to left? 
What is the initial net rate of diffusion of radioactive molecules across the cross- 
section? Take o= tr^ = 4 x 10^? пу. 
Solution 
(а) Number of molccules/m? at 1 atm, 273 K 

101.325 x 1000 
1.38 x 10 7? x 273 
Concentration gradient, dn/dx = (- 2.69 х 102ү? 

= — 1.345 x 102° тојесшезлт“ Ans. 


(b) 0 = [2.55 KT/m]? 


46 


a= pAT= = 2.69 x 102° molecules/m? 


D = 355 m/s 
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1 _ 1 
Оп 269х10% х4х1077 
Number of molecules crossing from left to right per unit area per unit time: 


=93 х 10% т 


1 1 dn 
Г = — тА — 24, 
^ 479 543 dx 
1 = | 24 dn 
= нр 0 А — 
4 ° 6 dx 
= " x 355 x 2.69 x 10? — - x 355 x 9.3 x 106 x ( 1.345 x 10%) 
= 2.39 x 1077+ 7.4 x 107! molecules/m’s Ans, 
(c) Number of molecules crossing from nght io lefi per unit area per unit time: 
1 І dn 
= — Ung t — zÀ — 
54 mg T^ ax 
= 2.39 x 10? — 7.4 x 1011 molecules/m’s Áns. 
Met rate of diffusion: 


= 7.4 x 107! x 2 = 14.8 x 10? molecules‘m’s 


_ 14.8 X10^ X46 molecules X E X шкі 
6.023 x 1078 m?s kgmol ^ molecules 
= 113 x 107 = 11.3 x 107 kg/m?s 
= 1,13 g/m’s Ans. 


REVIEW QUESTIONS 


22.: Define mean free path, collision cross-section and collision frequency. 

222 Show that A= ис n. What is electronic mean path? Why is A is equal to 4/ 
ан? 

223 What is collision probability? Show that it is reciprocal of the mean free parb. 

224 Derive the survival equation: № = М, e** and explain its significance. 

225 Show that 37% of the molecules ш à gas have free paths longer han А. 

226 Explain graphically the distribution of free paths of gas molecules. 

221 What are transpon properties? What do they signify? 

228 Show that the number of molecules crossing a plane in a gas per unit area and 


per unit time is equal to "5. 
229 Show ihat Ше ауегнде distance from a plane in а gas where the molecules 


made their last collisions before crossing that plane is equal to 2 А. 


2210 Show that the coefficient of viscosity of a gus 15 equal іп ито А. With a 
Maxwellian velocity distribution of gas molecules, show Шип 


2 | яЖТ Г 
30 x 


д = 
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PROBLEMS 


221 


222 


223 


22.6 


227 


223% 


225 


Calculate ihe collision frequency of a nitrogen molecule (a) at 300 K and | aum 
pressure, (b) ві 300 К and 1 micron Hg abs. pressure. The radius of nitrogen 
molecule is 1.88 x 10779 m 

Ans. (а) 7.35 x 10° collisiong/s (b) 9.63 x 10° collisions/s 
Calculate the collision rate of a molecule in a Maxwellian gas. 


dns. 42 on [8 КТ/хт] 7 
The mean free path of a certain pas is 12 cm. Ef there are 10,000 free paths, how 
many аге jonger than fa} 5 em, (b) 15 cm, (c) 50 orn? (d? How many are longer 
ihan & cm, but shorter than 12 cm? (е) How many are between 11.5 em and 12.5 
ста in lengtb? (T) How many are between 11.9 and 12.1 cm in length? (д) How 
mary have free paths exactly equal to 12 cm? 
The mean Нее path of rhe moiccules of a certain gag at 20°C 15 3 x 10^ m. (a) 
Hf the radius of the molecule is 3 x 10”? m, find the pressure of the gas. 
(b) Calculate the number of collisions made іру a molecule per metre of path. 
Тһе mean free path of the molecules af a certain gas at 298K is 2.53 x 107 mm, 
lhe radius of each molecule is 2.56 x 107 m. Compute the number of collisions 
made by a typical particle in moving a distance of E m, and аһа the pressum оғ 
ihe gas. 
Determine the pressure im a cathode my tube such that 95 per cent of the 
electrons leaving the cathode my reach the anode 25 cm away without making 
a collision. The diameter of an ion is 3.6 1079 m and the electron temperature 
is 2000 К. Use the electronic mean free path A, = 4/on, where 0 is the cross- 
section of 
the ion. 
A beam of electrons is projected from an electron gun inte a gas at à pressure 
p. and the number remaining in the beam al a distance x from the gun is 
determined by allowing the beam to strike a collecting plate and measuring the 
currenti to the plae, The electron current emitted by the gus is 1040 ра, and the 
current to the plaice when x = 10 cm and p = | mm Hg is 37 pa. Determine (2) the 
electron mean free path, and (b) the curreni at 500 д Hg pressure. 

Anz. (a) 18 cm, (b) 50.7 pra 
А singly charged oxygen ion stars a free path in à direction at right angles io 
ап cleciric fictd of intensity 100 voligfem, The pressure is onc atmosphere and 
the temperature 300 K Calculate (a) the distance moved in the direction of the 
field in a time equal to that required to traverse one mean free path, (b) the ratia 
of the mean free path to this distance, (c) the average velociry т the direction 
of tie field, (d) the ratio of rhe thermal velocity to this velocity, and fe} the 
ratio of the energy of thermal agitation to the energy gained from the field in 
one mean free path. 

ans. (а) 3.87 x 107 m, (cj 340 ms, (e) 10° 

A spherical satellite d metre m diameter moves through ihe carlh’s aumosphere 
with a spec of 2 m/s at an altitude where the number density is п molecules/ 
m^. How many molecules strike the satellite in | second? Derive an expression 
for the drag experienced by the satellite, assuming that all molecules which 
strike the sphere adhere to it, 


Malia 
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22.10 


22.11 


2242 


22.13 


22.14 


22.15 


Positive jons of miogen are subjected to an eloctrice held of 10° volis/m. The 
ws move though погорел at 1 atm, 300 К. Calculate the average drifi 
velocity of the jons and compare this velocity with the rms velocity of the gas. 
Also, calculate the distance an ion moves in the direction of the field in a time 
equal to that required to vraverse one mean free path. 

The viscosity of nitrogen at | atm pressure and 0°С is 16.6 x 10 Nemt. 
Estimate the elfective molecular diameter of nitrogen, 

For a gas having molecular weight of 28,96 and ibe mean free path ai (^C and 
1 atm pressure as 6.4 x 107% m, determine the coefficient of viscosity of the gas 
at N.T.P. 

Estimate the thermal conductivity of niwogen at 300 K, 1 atm pressure. The 
diameter of a nitrogen molecule is 1.85 x 1019 m. 

Given that the standard density of air is p = 1.29 x 107 g/cm’, v = 460 m/s and 
the thermal conductivity is Ky = 0.0448 x 107 cal/em-s-K, estimate the 
viscosity of air and compare your result with the measured value of 18.19 x 107 
5 g/cm-s, ві p = 1 atm and Г = 298 Ж. 

Га) Show how the concentration of 3 vapour varies when it diffuses into free 
аш from the surface of an еуаротанпа liquid at distance A below the mouth of 
a tesi tube іо the mouth where the vapeur concentration is zero. 

(b) Calculate the coefficient of diffusion of ethyl slcohol (C,H.OH) vapour in 


- ан at 40°C when iis surface sinks 2.7 mm/day and its surface is 20 mm from the 


2216 


22.17 


mouth of the test tube. Tts vapour pressure is 134 mm Hg. The density of liquid 
is 0.772 p'em’. 

Ans. (b) 0.139 cm/s 
А tobe of length 50 cm and diameter 5 cm contains methane. Half of the 
molecules contain the radioactive carbon isotope, С. At time г = 0 there 
exists a linear concentration gradient in the tube, the methane at the extreme 
left consisting of 100% radioactive molecules. Determine the initial rate of 
diffusion of the radioactive isotope across a plane drawn through the сепке 
of the tube, when p = | atm and T= 300 К. The viscosity of gas is [1 x 10° g 
сш=зес. 
Determine ап expression for the electric Deld sttength that will result іп an 
average electron dif velocity which is 10% of the average ihormal velocity. 
What is the vaine of the electric field strength in air at | atm and 300 K? 
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Temp. Pressure 


APPENDIX A 


Steam Tables* 
Table ALL Saturated Stegm с: Temperature Table 


Specific Volume, тр Internal Energy, kJ/kg 


Sat. 


"C КРа. MPa Liquid 


Т 


100 


* Adapted from Joseph H. Keenan, Frederick G. Keyes, Philip G. Hill, and Joan G. Moore, Steam Tables, John Wiley and Sons, New York, 


1969. 


Р 


0,6113 
0.8721 
1.2276 
].7051 
2.3385 
3.1691 
4.2461 
5.6280 
73837 
9 59H 
12,350 
[5.758 
19,841 
25.033 
41.188 
38.578 
47.19) 
57834 
70,1359 
94.554 
010135 


Mi 
0.001000 
0.001000 
0.001000 
0.001001 
0.001002 
0.001003 
0.001004 
0.001005 
0.001008 
0.001010 
0.001012 
0.001015 
0.006007 
0.001020 
0.001023 
0.001025 
0.001029 
0001032 
0.001036 
0.001040 
0.001044 


Sat. 
Fapour 


Ve 


206.132 
147.118 
106.377 
77.925 
57.790 
43.359 
32.893 
25216 
19,523 
15.258 
12,032 
9.568 
7.871 
6.197 
5.042 
4,131 
3.407 
2.828 
2.3451 
1.982 
1.6729 


Sat. 
Liquid Evap. 


шү 


000 
20,97 
41.90 
62 98 
53.34 

104.56 
125.77 
146.65 
167.53 
188.41 
249.30 
230.19 
251.09 
272.00 
292,93 
313,8) 
334.84 
355.82 
376.82 
397 86 
418.3] 


Hig 


2375.3 
2361.3 
2347.2 
22331 
2319.0 
2304,9 
2290.8 
2276,7 
2262.6 
2248.4 
2234.2 
4219.9 
2205.5 
2191.1 
2176,6 
2152,0 
2147.4 
2132.6 
2117.7 
2102.7 
2087.6 


Sas, 
Fapour 


Hg 


2375.3 
2382.2 
1380.2 
2396.0 
2402.0 
2409.8 
2416.6 
44234 
4430. | 
2436.8 
2443.5 
2450 ] 
2456.6 
2453.1 
2469.5 
2475,9 
2482.2 
2488.4 
2494.5 
250.5 
2506.5 


Enhayy, Јр 
Sat. Sat. 
Liquid Етар. Vapour 
Ay hey hz 

0.00 2501.3 2501.3 
20.08 24896 2510.5 
41.99 2477,7 25197 
62.98 24659 24289 
83.54 2454.1 2533.1 
104,87 2442.3 25472 
125.77 2430.5 2556.2 
146.65 2418.6 25653 
167.54 24008,7. 25743 
188.42 23948 2583.2 
209.3] 2382.7 2592.1 
230.20 2370.7 26000 
251.11 2358.5 2609.6 
27203 2344.7 2518.2 
29296 2333.8 2626.8 
313,1 2321.4 2435.3 
334.88 2108.8 2643.7 
355.58 22960 2651.9 
376.90 2283,2 2660.1 
397.04 2270.2 2668.1 
419.02 212570 26760 


Entropy. АЛЫ К 


Sat. 
Liquid 
5 
6.0000 
0.0761 
0.1510 
0,2245 
0.2960 
0.3673 
0.4169 
0.5052 
0,8724 
0.6386 
0.7037 
0,7679 
0,8311 
8,8934 
0.9548 
1,0154 
1.0752 
1.1242 
1.1924 
1250) 
1.3068 


Evap. 

ӛң 
9.1562 
8,0496 
8.7408 
8.5560 
8.3706 
8.1905 
8.0164 
7,BATR 
7.0845 
7 5261 
2.3725 
7.2234 
7.0784 
6.9375 
6.8004 
6,6870 
6,5269 
6.4102 
6.28606 
6.1659 
6,0480 


Sat. 
Fapour 


+ 


9.1562 
9.0257 
8,7 
8.7813 
8.6671 
5.5579 
8.4553 
8.1530 
8.2569 
8.1647 
8.0762 
7.9912 


seatpuaddy 


Pressure Temp. 


kPa 
P 


0,6113 
1.0 


ма 
Т 
0.0) 


Specific Volume, m'/kg 


Sar. 
Liquid 
Yf 

0.001000 
0.001900 
0.001001 
0.001001 
0.001002 
0.001003 
0.001004 
0.001005 
0.001008 
0.01010 
0.001014 
0.01017 
0.001028 
0,00 022 
0.001026 
0.001080 
0.001037 


Sat. 
Vapour 


Ve 


206.132 
(29.208 
87.980 
67,004 
54,254 
45.655 
34.800 
28.193 
[9.235 
14.674 
10.022 


Table A1.3 ағат water: Prerure Tabà 


internal Energy, EJ kg 


Sat. 
Liquid ^ Evap. 
нү Ur, 

0 2375,3 
29.29 2355.7 
54.70 2338.6 
7347 2326.0 
5847 2415.9 

101.03 2107.5 
121.44 2293,7 
137,79 2282.7 
168.76 2617 
191.79 2246.1 
223.90 2222.8 
251,35 2205.4 
271.38 4191.2 
289.15 2179.2 
31751 2159.5 
3443.42 2143.4 


Sal. 
Ғаронғ 

M: 
23753 
2385.0 
2393.3 
2199.5 
2404.4 
24085 
2415.2 
2420.5 
2430.5 
24319 
2448.7 
2456.7 
2483,1 


Entropy, Кр Қ 


Sat. 
Liguid 
Sir 

0 

0.14159 
0.1955 
0.2607 
0,3120 
0,3545 
0,4226 
0,4762 
0,5763 
0.6492 
0. 7548 
0,8319 


Evap. 

ЫТ 
9,1542 
8,8697 
5.6322 
3.4629 
8.3311 
8.2231 
8,0520 
79187 
7.6751 
7.5010 
7.2526 


Sar. 
Рароыг 


5a 


9.1562 
8.9756 
8.8278 
8,1256 
8.6431 
6,5775 
8,4746 
& 3950 
8,2814 
8.1501 
8.0084 


956 


stupudpowuys рэр ріп ouvg 


a жалы. пина а линии ли ии" лана и 


— кишини. П.И. ЛИНИ ИНЕТ. Е ПИ ИГ ————A^A€€€————— M —n—————Ó————— slim ЕЕ БЕГИ ВЕЕТ Е. "ЛИ  a "Г 


0.001053 
0.001037 
0.601061 
0.001064 
0.001067 


465,92 2052.7 
45838 2018.1 
504,47 2025.0 
520.45 2013.1 
535.08 2002.1 


Enthwulpy — kJ/kg 

Sat. Sat. 
Liquid Evap.  Fapour 
0.00 25013 2501.3 
2929 24849 25142 
5470 24706 25253 
7347 24000 2533.5 
ді 24516 2500 
10103 2445 14455 
12144 24329 25544 
137.79 2423.7 25614 
168.77 24060 2574.8 
191.851 23928 25846 
225.91 25731 25001 
251.48 23581 2097 
2719) 23463 26182 
289.21 2336.1 26263 
33755 123192 — 263167 
молт 23053 2645.9 
384.36 217786 2663.0 
417.44 22580 2575.5 
444.30 2241.1 2685.3 
46706 22265 — 20035 
486.97 2213.6 27005 
504.68 72020 27060 
52049 21913 2712.0 
53534 27169 


Pressure Temp. 


MPa 
P 


2.50 


°С 

Г 
223.99 
229.12 
233.90 
238.38 
247.00 
250.40 
263.99 
275.64 
285.83 
295.06 
303.40 
311.06 
318.15 
324.75 
33093 
336.75 
342.24 
347.43 
352.37 
357.06 
361.54 
365.81 
369.89 
373.80 
374.14 


Specific Volume. те 


Sar. 
Liguid 
vr 

0.001197 
0.001207 
0.001216 
0401226 
04001215 
0.001252 
0.001286 
0.001319 
0.001351 
0.001384 
0.001418 
0.001452 
0.001489 
0.001527 
0.001567 
0.011611 
0.011658 
0.001741 
0.001770 
0.001840 
0.001924 
0.002035 
0.002206 
0.002808 
0.003155 


Sarr. 
Fapour 


i: 


0.07995 

007275 

0.05568 

0.06152 

0.05 707 

0.049778 
0.039441 
0032440 
0027370 
0.023518 
0.020464 
0418026 
0.015987 
0.014253 
0.012780 
0.011485 
0.010338 
0.009306 
0.008365 
0.007490 
(0.006657 
1.005834 
0.004553 
0.003526 
0.003155 


Interna! Energy, Ев 


Sar. 


Liquid Еуар. 


нг 


959.09 

582,65 
[004.76 
Ң)25,62 
Hd5,41 
1082 28 
147.78 
(205.41 
1257,5] 
1309.54 
1390,47 
1393.00 
[433.68 
[472,92 
[51148 
1548.53 
[585.58 
1622.63 
1650.16 
1698.86 
[739.87 
[785,47 
1841.97 
[973.16 
2029.56 


нр. 
1644.0 
16212 
(599,3 
1578.4 
1558.3 
1520.0 
1449.3 
1384.3 
1323.0 
1264,3 
207.3 
[151.4 
1096.1 
1040.6 
985.0 
928,2 
869.8 
809.1 
244.8 
075.4 
598.2 
507.6 
388,7 
108.2 
ü 


Sut. 
Fapour 


Hg 


2603.1 
2603.8 
2604.1 
2604.0 
2603,7 
2002.3 
2597.1 
2589.7 
2580.5 
2569,8 
2557.6 
2544.4 
2529.7 
4513.7 
2496.1 
2476.8 
2455.4 
2431,7 
2405.0 
2374.3 
2338.1 
2293.] 
2230.7 
4081,4 
2029.6 


Ewhupy — ЛЫ 

Sut. Sut. 

Ligid — Evap. Vapour 
it, hs he 

962.00 1841.0 28031 

985.97 18179 2803.9 
1008.41 — 17057 28041 
1029.50 17744 2804.0 
1049.73 1753.7 28034 
1087.29 | 7145 2801.4 
115421 1640.1 2794.3 
121332 1571.0 27843 
1266.97 1505.1 2772.1 
13166: 1441,3 2757.9 
1363.23 13789 27421 
1497,3 13171 272401 
1450.05 12555 2705.6 
149124 [1936 26348 
1531.46 113098 2662.2 
1571.08 10665 2637.5 
161045 10000 26105 
1650.00 — 9306 2580.6 
1690.25 8565.0 25472 
|74319: ТМ, 250.1 
1276.43 688 2464.5 
1826.18 583.6 2409,7 
[883.30 445.4 2334.7 
2034,92 1249 — 215940 
2099.26 Ü 2099 3 


Entropy, Ик К 


Sat. 
Liquid 
5 
2.5545 
2,6018 
2.6454 
2.6868 
2.7252 
2.7963 
29201 
3.0266 
3.1210 
3.2067 
3.2857 
31505 
34294 
3.4961 
3.5604 


Evap. 


Sat. 
Vapour 


— Еб 


озшоміронығұі paddy рит зион 


V 
[4.674 
14.869 
17.196 
i9. 513 
2].825 
24.136 
26.445 
3553 
35.679 
40.295 
44911 
49.526 
54.141 
58.757 
53.372 
67.987 
72.003 


1.38573 
0.95964 
1.08031 
].19880 
1.31616 
1.54930 
1.78139 
201297 
2 24426 
2.47539 


Р = I0 kPa (45.851) 


il A 5 
24379 2584.6 — 8.1501 
24439 — 25026 8,1749 
25155 2687.5 84479 
25879 2783.0 8.688] 
25813 2895 89037 
27360 . 29773 ЭН 
28121 3076.5 9.2812 
29689 32795 9,407 
3323 34400 9897 
33025 27054 10,1608 
179.6 19257 10.004 
3663.8 41591 10.028! 
38550 4364 10.8395 
4053.0 4640.6 11.0592 
42575 48912 11.2287 
44674 51478 1140 
4837 5497 11,5810 

Р = 200 kPa (120.23) 
2529 5 2706.6 37.1271 
2576.9 .— 27688 72795 
2654.4 2870,5 1.5066 
2731.2 1971.0 7.1885 
25086 307h8 78024 
206557 32765 8.2211 
31307 34870 8542 
3301.4 3704.0 8.7760 
3478.8 3977 901954 
35632 41583 9.2450 


¥ и й 
3.240 24818 2645.9 
3.418 25116 2682,5 
3.889 25856 27801! 
4,156 2659.8 2877.6 
4821 2735.0 2976.0 
5.284 2811.3 3075.4 
6,209 2968,4 3278.9 
1,139 О 3488.6 
#058 3302.2 3705.1 
8.981 34795 3928.5 
9.004 3653.7 44580 

10.828 3854.9 4396.3 
[1.751 4052.9 4540,5 
[2.674 42574 4891.1 
13.597 4467.8 5147.7 
14,521 4683.6 5409.6 
Р = 300 kPa (1233.35) 
0.60582 2543.6 27253 
0.63388 25708 2761.0 
0.71629 26507 2885,5 
0.79636 2728.7 2967.6 
0.87529 2806.7 3069.3 
1.0315] 2%5.5 3275.0 
1.18559 31300 3436.0 
L34136 3300.8 3703.2 
1.495233 34784 39271 
1.04994 36629 41578 


My р нта p mh. 


Р = 50 kPa (81.33) 


7.5930 
76947 


8.1579 
8,3555 
8,4372 
8.864] 
9.1545 
9.4177 
9,6559 
9.86552 
[3.0967 
10.2964 
[0.4858 
[0.6663 
10.8382 


6.5918 
4.47718 
13115 
4.5165 
1.7022 
8.0329 
8.3250 
8,5807 
8.8319 
9.0575 


Р = 100 kPa (99.62) 


V u 
1.69408 — 2505.1 
1.6958 2506.6 
1.9364 2382.7 
2.1723 2658.0 
2.4060 2733,7 


6. ORG 167.7 
7.2603 4683.5 


P = 400 kPa (143,63) 


0.46246 2553.6 


0.77262 — 20644 
0.88934 31292 
1.900555 — 3333.2 


й 
2675.5 


2676.2 
27764 
2875,3 
29741 
3074.3 
3278.) 
3488.1 
3704.7 
3928.2 
4158.7 
4396.1 
4640.3 
4890,9 
5147.6 
5400.5 


2738.5 
27518 
2850.5 
20642 
3066.7 
3273.4 
3484,9 
5702.4 
3926.5 
4157.4 


$ 
7.3593 


1.3814 
7,6133 
7.8342 
8.0332 
8.2157 
8.5434 
8.8341 
9.0975 
9.3398 
9.5652 
97767 
9,9764 
10,1658 
10.3462 
10.5182 


6,8958 
6.9299 
7,1706 


izarpuzddy 


666 


Г 
500 
700 
Bod 
900 

1000 
1100 
1200 
1306 


Sat 
2215 
28) 
M0 
A50 
AWW) 
500 
600 
700 
BD 
OO 
1000 
1100 
1200) 
1300 


Р = LOO MPa (179.91 


LU 


h 


040109 32968 36979 8.0299 
044779 34754 39211 8271 
0.49432 36605 41548 — 8.4996 
0.54075 3852.5 43920 87118 
0.58712 40505 46376 89119 
0.53345 42551 45885 — 9.1016 
0.67977 44656 51454 92821 
0.72608 4681.3 34074 94542 
Р = 1.60 MPa (201.40) 
0.12380 25959 27940 64217 
0.13287 2644.6 28572 6.5515 
0.14184 26923 29192 65732 
0,5802 2781.0 30048 6.8844 
0.17456 28560 31454 7.0693 
0.19005 29501 32542 7.2373 
022029 31195 24719 7.5189 
024998 32933 36932 7.8080 
027937 34727 39197 8.0535 
030859 36584 4152.1 8.2808 
033772 38505 43903 84934 
0.36678 40490 — 46358 8.6998 
0.39581 42537 48870 88837 
0.42482 44642 — 51439 90042 
0.45382 45799 5460 92364 


Р = 1.20 MPa (187,99) 


¥ ш h 
033393 3295,6 3696.3 
(37204 54745 3922.0 
9.41177 4659.8 4153.9 
0.45051 3851.6 43922 
0.48919 40500 4637.0 
0.52783 4254.6 4888.0) 
0.55646 4455.11 51449 
0.00507 45809 $406.9 

Р = 1.80 MPa (207.13) 
0.11042 25944 2797.1 
0.11673 2636.6 2846,7 
0.12497 2686.0 291 [.0 
0.14071 27768 20292 
0,5457 28520 3141.2 
0.15847 20477 32509 
0.19550 31175 3460 7 
0 22199 3292.1 5691.7 
024818. 1719 3918.6 
0.27420 36577 4151.3 
0.1002 38499 439041 
1.32598 ЫНА 4635.2 
035180 42532 4836.4 
0.37751 44637 51434 
0.40340 4679.4 515.6 


Р = 10 MPa (195.07) 


v 


0.28596 — 17044 
0.31947 34756 
0.35251 36591 
386060 38510 
041924 40495 
0.45239 42541 
0.48552 44618 
0.51901 46804 
Р = RUD MPa 
90993 — 20003 
0.10377 2628.3 
Glia 26579.65 
9.12547 27126 
0.13857 2859.8 
0.15120 — 294572 
9.17568 3116,2 
(19900 — 1290.59 
0.22321 — W710 
024668 3657.0 
0.27004 38493 
020133 — 3729 
0.31659 42527 
0.33954 44632 
046306 4679.0 


Ы 


A 


3694.8 
3920.9 
4153,0 
4391.5 
4636.4 
4887.5 
5144.4 
$406.5 


(212.42) 


2799.5 
2835.8 
2902.5 
302315 
3137.0 
3247.6 


Ж 


7.8710 
8,1160 
8.3431 
8,5555 
8.7558 
8,9456 
9,1262 
9.2983 


5,3408 
6.4146 
6.5452 
6.7663 
6.9542 
7.1270 
74316 
7.7021 
2.9487 
8.1766 
8.3895 
8.5900 
8.7800 
8.9606 
9.1328 


Iztpusddy 


TES 


P = 900 MPa (303.40) 


¥ 


0.05404 
0.05950 
0.06485 
0,97016 
0.07544 
0.18072 


10338 
011470 
015649 
018446 
02080 
22927 
02494] 
026797 
028612 
2096 
035457 
033748 
042001 
445233 
0484155 


Ч h 
18325 4119.4 
3829.2 4164.7 
4030.3 4613.9 
4236.3 4867.7 
44472 51252 
4662.7 53892 

Р = 15 MPa (142,24) 
2455 4 2610.5 
2520.4 26924 
2740.7 29754 
2879,5 3156.2 
2996.5 3308.5 
31047 445.0 
3204.6 3582.3 
33104 31123 
3410.9 3840. 1 
3641.0 37 4 
3811.9 4343.8 
4015.4 4504,6 
4222 6 4852.6 
4433.8 51123 
4040. | 5375.9 


1.459} 
7.5782 
7,8821 
80739 
8,2556 
8.4283 


5.3097 
5.4420 
5.8810 
6.1403 
6.3442 
6.5198 
6.6775 
6.8223 
6.9572 


720... 


АТР» 
7.6347 
7.8282 
8.0108 
8.1839 


P= L0.00 MPa (311.06) 


v 


0.04859 
0.05349 
0.05832 
0.06312 
9.06789 
0.07265 


079204 
4017139 
9124477 
GEST 740 
173585 
AH 92877 
ЕЮ 
0227372 
0243365 
9273549 
0303071 
0331550 
359595 
0387505 
0415417 


М h 5 
36290 41189 — 74077 
3826.3 4361.2 — 7.6272 
4027.8 45110 28315 
4234.0) 4855.1 8.0236 
44449 81238 — 82054 
4660.4 53870 8.2743 

= 17,5 MPa (354.73) 
23902 2528.8 5,1418 
18320 15620 375172 
26850 2028 57212 
28442 УЛ — 60H82 
дәл АУЫС 62382 
30818 34214 — 6.4229 
31915 3560.) 8.5866 
32240 м9 4.7356 
3398.8 3824.7 6.8736 
3601.9 4081,1 7.1245 
3804.7 43351 7.35407 
40093 45895 — 75588 
42159 48484 71750 
41283 55668 79359 
45435 5370.5 81093 


Р = 12.50 MPa (327.89) 


v ы h 
0.03869 36200 41037 
0.04267 15191 4352.5 
0.04658 502146 4603.В 
0.05045 4228.2 4858,8 
0.05430 34393 5118.0 
0.05813 1554.8 5381.4 

Р = 20 МРа (365.81) 
0058342 2293.1 2400 7 
АНЫ) 1012.3 1645.6 
00934273 2618.2 2818.1 
IH 25033 2806,2 3060.1 
АН 476883 1942 8 32382 
АҢ 65553 30623 3393.5 
Ji 8) 78] 3174.0 1537.5 
0196929 3281.5 3675.3 
2131311 3386.5 38S. 1 
0238532 3592.7 4069.8 
1264463 37914 4326.4 
0280845 4003.1 4582.5 
4314471 4211.3 4840 2 
033907] 4422 8 5101.0 
(363574 4538.0 5365.1 


F 


7.2965 
7.5181 
Ried? 
79165 
8.0087 
8.2717 


4.9269 
3.7280 
5,5529 
5.9016 
6.1400 
6.3347 
6.5048 
6.6582 
6.1993 
7.0544 
7.2830 
7.4925 
7.6874 
7.8706 
BHA 


приду 


SEG 


¥ 


001973 
БЫ 
017882 
09162 
011124 
012724 
014138 
015433 
01664? 
018913 
021045 


223102 
025119 
M7115 
029101 


0016406 
0019077 
(125319 
0036931 
0056225 
ХВЫ 3 
0636 
0049415 
0115228 
0129626 
0343238 
0156426 
0169403 
0182292 


Р = 25 MPa 

ti h 
1798.6 1447.9 
2434181 2580.2 
20092 28063 
27207 2949.7 
2884.3 31624 
2017.5 3335.6 
31329 — 34904 
32516 36375 
3381.4 3777.6 
35743 4047.1 
37830 4060.1 
39909 4558.5 
42002 48232 
4412.0 5089,9 
46260 35244 

Fo 40 MPa 
16771 1742,7 
1854,5 1930.8 
2076.8 2198,1 
2365.1 2512.8 
2678.4 29033 
30226 33464 
31580 35206 
1282.6 3681.3 
35179 329748 
37304 42579 
3954.6 4527.6 
41674 37931 
4380, 1 5057.7 
45043 53235 


¥ 


D91 789 
Jn son 
005 ММ 
006735 
208679 
Amores 
011446 
012596 
013661 
015623 
017448 
19196 
„220907 
022554 
024266 


„0015593 
0017300 


0114113 
0124966 
01356 
0145159 


P = 30 MPa 
u h 
173758 1791.4 
2061353 — 2151.0 
4455] Шы? 
26193 2821.4 
2820.7 3051.0 
29703 32754 
31005 — 3443.9 
3271.0 35989 
A3358 37457 
355556 40245 
37685 3991,9 
397868 —45547 
41802 48163 
4401.3 $079.0 
46160 53440 
Р = 50 MPa 
16385 17165 
17880 18746 
19596 20600 
2159.6 — 228319 
25255 27201 
29420 3247.6 
30936 Зн. 
32305 3616.9 
34798 3933.6 
3103 42244 
39303 4401.1 
41457 4770.6 
4350] $0372 
45728 4306.6 


¥ 


O01 700 
G2 LOO 
003428 
004962 
06927 
008345 
009527 
010373 
011533 
013278 
54883 
216410 
017895 
019360 
020815 


0015027 
0016335 
4018165 
0020850 


0104091 
0113167 
0122155 


Р = 35 MPa 

H A 
1020 1262.4 
1914.0 1987.5 
22534 2373 4 
24987 26724 
2751.9 42064 3 
29209 32130 
3062 0) 3395,5 
3189.8 35599 
3309.9 37135 
35368 40015 
3744.0 4274.0 
39667 4514] 
41783 4.6 
4507 4068.4 
4605.1 5333.6 
P= 60 MPa 
1609.3 1699.5 
1745.3 1843.4 
18927 ИТ 
20539 2179.0 
2304). 5 2567.9 
2561.1 ЗІ 
3028.8 Зм. 
3177,3 3553.6 
Hla 23989. ] 
3681.0 4191.5 
39054 44752 
4124.1 4748.6 
4338 2 $017.2 
4551.4 5484.3 


966 
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Т 

Sat 
0 
20 
40 
50 
80 
100 
120 
140 
© 
180 
200 
220 
240 
260 
280 
Xx) 


320 
340 


P = 5.00 MPa (263.99) 


¥ 


0012859 
0000977 
«00087995 
0010056 
0010149 
00) 0268 
O01 0440 
4010576 
0010768 
0010988 
DOT E240 
0011530 
Ху] 1866 
0012264 
0012748 


H 


1147.78 
0.03 
83.64 
168,93 
23021 
33359 
417.50 
501.79 
586.74 
672.61 
759.62 
848.08 
938.43 
Mat 
1127.92 


1037.47 
1134.30 


5 
2.9201 
0.00)! 
02955 
0,5706 
0.8284 
1.0319 
1.3030 
1,5232 
1,7342 
1.9374 
21341 
2.3254 
25128 
2.6978 
2.8829 


Table А14 Compressed Бн Wal 


Р = 10.00 MPa (311.06) 


¥ 


0014524 
0932 
0009977 
0010034 
010127 
50010245 
0010385 
3010549 
000737 
30010953 
1:99 
0011480) 
A01 1805 
DO12187 
ЖҮН 2645 
ОМ 3216 
54013972 


H 


1393.00 
0.i0 
83.35 
166.33 
249.24 
332.56 
416.09 
500.07 
584.67 
670.11 
736.63 
844.49 
934,07 
1025.94 
[121.03 
[220.90 
[328.34 


Á 


[407.53 
10.05 
93,32 

176.36 
259.47 
242,51 
326.48 
510.61 
395,40 
681.07 
767.83 
855.97 
945.88 

1038.13 

1133.68 

1234.]1 

1342.31 


5 


3,2595 
0.0003 
0.2945 
0.5595 
0.8258 
1.0687 
1.2992 
1.5188 
1.729] 
1.9316 
2.1274 
2.3178 
2.5038 
2.6872 
2.8008 
3,0547 
3.2468 


P = 15.00 MPa (342.24) 


¥ 


RUE 
‚0009928 
0005950 
ИН 
0010705 
„010222 
00103651 
5010327 
0010707 
HOES 
x 1159 
XH 1433 
011745 
„02114 
002550 
AH 3084] 
XH 377 
044724 
AX 6311 


H 


158558 
0.15 
83.05 
165.73 
248 49 
43146 
414,72 
498.39 
582.64 
667.69 
753.74 
841.04 
929.89 
920,82 
1114,59 
1212.47 
1316.58 
1431.03 
1567.42 


й 


1610.45 
15.04 
97.97 

180,75 
263.55 
346.79 
430.26 
53417 
598.70 
684.07 
770.48 
858.18 
O47 52 

1038.59 

1133.41 

1232.09 

1337,23 

1453.13 

1591.88 
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Table А2 Thermadynamic Properties of Refrigerant-12* 
(Dichlorodifiuereme hana) 


Table Ai ағай? Rrfrigerizi-72 


Specific Folume Епійдіру 
Temperature Pressure Sat. Sut. Sat. Evap. 
"C MPa Liquid Vapour Liquid 
f Р Vr Yi hr hu 
Ст J/g m /kg ЕЛКИ 
-99 0.0028 0.608 4.415545 —43.243 189.618 
-85 9.0042 0.612 3.037316 — 38.968 187.606 
- 80 0,0062 0,617 2.138345 - 34,688 185.612 
~ 75 0,0088 0,622 1.537651 - 30.401 183.625 
-70 0,0123 0,627 1.127280 - 26.103 181.640 
- 65 0.0168 0.632 0.841166 - 21.793 179.65] 
-60 0.0226 0.637 0.637910 — 17.469 171.653 
- 59 0,0300 0,642 0.491000 - 13.129 175.64] 
- 50 0,0391 0,648 0.383105 —8.772 173.611 
- 45 0.0504 0.654 0.302682 - 4.396 171.558 
- 40 0.0642 0,659 0,241910 - 0.000 169,479 


the kind permission of the publishers, Jahn Wiley & Sons, Inc, New York). 


Sat. 
Vapour 


hy 


146.375 
148.640 
150.924 
153.224 
155.536 
157.857 
160.184 
162.512 
164.80} 
167,163 
159,479 


Entropy 
Sut. Sat. 
Liquid Vapour 
fy ғ, 

iiig К 
- 0.2084 0.8268 
-D.1854 0.8116 
- 0.1630 0,7979 
- 0.1411 0.7855 
- 0.1197 0,7744 
- 0.0987 0.7643 
-0.0782 0,7552 
—0.0581 0.7470 
- 0.0384 0.7396 
- 0.0199 0.7329 
— 0.0000 0.7269 


ж Adapted from Fusdameutats of Classical Thermodynamics by -G. J. Van Wylen and R Sonntag. John Wiley, New York 1976, P. 667-673 (with 


три у 


666 


Table A22 Superheated Refrigerani-?2 


t ¥ Я 5 у h 5 у А 5 

“С mike kJ/kg Eg К т/д kJ/kg bite К m/kg мін EU tek 
0.05 MPa 0.10 MPa 0,15 MPa 
-20.0 0.341857 181.042 0.7912 0.167701 179,861 0.7401 
~ 10.0 0.356227 186.757 0.8133 0.175222 185,707 0.7628 0.114716 184.619 0.7318 
00 0.370508 192,567 0.8350 0.182647 191.628 0.7849 0.119866 190.660 0.7543 
10.0 0.384716 198.471 0.8562 0.189004 197.628 0.8064 6.124932 196,762 0.7763 
200 0.398863 204.469 0.8770 0.197277 203.707 0,8275 0.129930 202.927 0.7977 
30.0 0.412949 210,557 0,8974 0.204506 209.866 0.8482 6.134873 209.160 0.8186 
40.0 0.427012 216.733 0.9175 0.211691 216.104 0.8684 0.139768 215,463 0.8390 
50.0 0.441030 222.997 0.9372 0.218839 222.421 0,8883 0.144425 221.835 0,8591 
60.0 0.455017 229,344 0,9565 0,225955 228.815 0.9078 0.149450 228.277 0.8787 
70.0 0.468978 235.74 0.9755 0.233044 235.285 0.9260 0.154247 234.789 0.8980 
80.0 0.482917 242.282 0,9942 0.240111 241,829 0,9457 0.159020 241371 0.9169 
90.0 0.496818 248.968 1.0126 0.247159 248.446 0.9642 0.163774 248 020 0.9354 
0.20 MPa 0.25 MPa 0.30 MPa 

0.0 0.088608 189.669 0.7320 0.069752 188.644 0.7139 0.057150 187583 0.6984 
10.0 0.092550 (95,878 0,7543 0,073024 194.969 0.7366 0,059984 194,034 0.7216 
20.0 0.095413 202.135 0.7760 0.076218 201.322 0.7587 0.062734 200.490 0.7440 
30.0 0.100228 208.446 0,7972 0.079350 207.715 0.780! 0.065418 206.969 0.7658 
40.0 0.103989 214.814 0.8178 0.082431 214.153 0.8010 0.068049 213.480 0.7869 
50.0 0.107710 221.243 0.8381 0.085470 220.642 0.8214 0.070635 220.030 0.8075 
60.0 0.11 [397 2272735 0,8578 0.088474 227.185 0.8413 0.073185 226.627 0.8276 
70.0 0.115055 134.291 0.8772 0.091449 213.785 0.8608 0.075750 233,273 0.8473 
80.0 0.118690 240.910 9.8962 0.094398 240.443 0.8800 0.078200 239.771 0,8665 
90,0 0.122 247,593 0.9449 0.097327 247.160 0.8987 0.080673 246.723 0.9853 


зарим 


176 


La 


0.125901 
0.129483 


0.045836 
0.047971 
0.050046 
0052072 
0.054059 
0.056014 
0.05 7941 
0.059846 
0.06174 
0.063600 


0.025761 
0.025100 
0.029387 
0.030632 
0.031843 
0.033027 
0.034189 
0.035322 


0.018366 
0.019410 


А 


254339 
261.147 


0.40 МРа 


198,762 
205.428 
212095 
218.779 
225.488 
232.230 
239.012 
245.837 
452, М) 
259.624 


0,70 МРа 


2077.580 
214,745 
221.854 
224.931 
213.997 
243.066 
250.146 
257.247 


1.00 MPa 


210.162 
217.810 


М 


09332 
0.9512 


0,7199 
0.7423 
0,7639 
0.7849 
0.8054 
0,8253 
0,8448 
0.8638 
0.8825 
0.9008 


0.7148 
0.7373 
0.7590 
0.7799 
0.8002 
0,8199 
0,8392 
0.8579 


0.7021 
0,7254 


Ұ 


0.10023% 
0.103134 


0.035646 
0.037464 
0.039214 
0.040911 
0.042565 
0.0441 В4 
0.045774 
0.047340 
OOSBRRA 
0.05041 5 


0.022830 
0.024068 
0.025247 
0.026380 
0.027477 
0.028545 
0.029588 
0.030612 


0.014483 
0.015463 


k 


253.935 
260.770 


O50 MPa 


196.935 
203.814 
210.656 
217.484 
224.315 
412.161 
238.031 
244.932 
251.869 
258.845 


0,80 MPa 


205.924 
213.290 
220.558 
227.166 
234.941 
242.101 


" 249260 


256.428 


1.20 MPa 


206.661 
214.805 


0.9171 
0.9352 


0,6999 
0.7230 
0.7452 
0.7667 
0.7875 
0.8? 
0.8275 
0.8467 
0.8656 
0.8840 


0.7016 
0,7248 
0,7469 
0.7682 
0.7888 
0.5088 
0,8253 
“ 0.8472 


0,6812 
0.7060 


F 


0.83127 
0.085366 


0.000427 
0.031966 
0.033450 
0.034887 
0.035285 
0.037853 
0,038905 
0.040316 
0.041619 


0.019744 
0.020912. 
0.022012 
0.023062 
0.024072 
0,025051 
0.026005 
0.026937 


0.012579 


h 


253.530 
260.391 


0.60 MPa 


202.116 


0.90 MPa 


204.170 
211.765 
218,212 
226.564 
433,856 
141.113 
248.355 
255.501 


I.40 MPa 


211.457 


i 


0.9038 
0.9220 


0.7063 
0,7291 
0.7511 
0.7723 
0.7929 
0,8129 
0.8324 
0.8514 
0.8700 


0.6982 
0.7131 
0.7358 
0.7575 
0,7785 
0,7987 
0.8184 
0.8376 


0,6876 


[1:7 
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Table АЛ TAsrmodyreamic Properices of Rafrigeraat-22 (Monochioredifiuoromethane) 


Table А.3.1 Saturated Rafrigerant-22 


Specific volume (er Ка) 


Sat. 
Liquid 
Fr 
0.000670 
0.000676 
0.000682 
0.000689 
0.000605 
(OQ 702 
0.000709 
0.000717 
0.000725 
00007323 
0.000741 
0.000750 
0.000759 
0.000708 
QU 7 78 
o 000785 
OQ 800 
0.000812 
0.000824 
0.000838 
0.000852 


Етар. 

" 
9.54268 
0,704 796 
0.536470 
0.414135 
0.323862 
0.256288 
0.205036 
0.165683 
0.135120 
6.111126 
0.092102 
0.076876 


(0.064581 


(054571 
0.046357 
04519567 
0.033914 
0.029176 
002579 
0.021787 
0.018890 


Say. 
Vapour 
Ve 

0.94093 

0.705478 
0.537152 
0.114827 
0324557 
0.230990 
0.205745 
0.166400 
0.135844 
0.111859 
0.092843 
0.077625 
0,065340 
0.055339 
0.047135 
0.040356 
0.014714 
0.029987 
0.026003 
0.022624 
0.019742 


Sat. 
Liquid 
Ay 
- 30.607 
- 25.658 
— 20.652 
— 15.585 
- 10.456 
- 5,262 
0 
5.328 
10.725 
16.191 
21.728 
27.334 
33.012 
18.762 
44.580 
50.485 
56.463 
62.525 
68.670 
74.910 
81.250 


Enthaipy (kJ/kg) 
Evap. Fapour 
Ay h 
249 425 218.180 
240.925 221.207 
244 324 2123/5 
241.703 226.117 
238.065 228.500 
236.132 210.870 
233.198 213.397 
230.150 215.484 
227901 237.726 
223.727 239.08 
220 127 242.055 
216,798 244.132 
213.132 246,]44 
209.523 243.085 
205.364 249,549 
201.246 251.731 
196.960 253.423 
192.495 255.018 
187,836 256.506 
182.968 257.877 
177.869 259 119 


Entropy(kJ/kg Қ) 


Sat. 
Liquid 
5 
– 0.1401 
— 0.1161 
— 0.0924 
— 0.0689 
0.0457 
-- 0.0227 
0 
0.0225 
0.0449 
0.0670 
7.0890} 
9.1107 
0.1324 
0.1538 
0,1751 
0.1963 
0,2173 
02382 
025%) 
0 2707 
0.3004 


Sat 
Evap. Раранғ 
Si 5; 

1.2277 1.0876 
1.1882 10701 
1.1463 10540 
[1079 10390 
1.0708 1.0251 
1.0349 1.0122 
149002 1.4002 
0,0564 0,9889 
0,9333 0,0754 
0.9015 0.9085 
0,8703 0.9593 
0,8398 0.9505 
1,8099 039422 
0.7206 0.9344 
5.7518 0.9269 
0.7235 0.9197 
0.5056 0.9129 
0.6680 0.9062 
00.67 0,8997 
0.6137 0.8934 
0.5867 0.8871 


Не 


pyumuípouisygI paddy puo мари 


ELE [y 


v 
m". Ки 


0.440033 
0.460041 
0.380543 
0.500357 
0.520065 
0.539771 
0.559393 
0.578970 
0.598507 
618011 
0.637485 
1.656935 
3.676362 
0.695771 


0.113203 
0.120647 
0.126003 
0.131285 


h 
ASK 
005 MPa 


234,724 
240,602 
245,586 
152.675 
258.874 
265,180 
271.594 
178.115 
284,743 
391.475 
298.319 
305.265 
312.314 
319.465 
0.20 MPa 


243.140 
249.574 
256.069 
262.633 


Table А 3.2  Suprefieated Refrigerant-22 


& 
Ед K 


1.07616 
|. 0084 
1.12495 
1.14855 
1.17160 
1.19433 
1.21659 
1.23846 
1,25998 
1.28114 
1.30199 
1.32253 
1.34278 
1.36275 


0.98 [Ba 
1.00676 
1.03098 
1.05458 


¥ 
mk 


0.216331 
0.226754 
0.237064 
0,247229 
0.257415 
0.267485 
9,2775 
0.287467 
0.297394 
0.307287 
0.317149 
0,3209%6 
0.536 
0. 146596 


0.095280 
0.099680 
0. 104027 


й 
kJ/kg 


Git MPa 


273.337 
230.359 
245,466 
251.065 
257,956 
204.345 
2708901 
277.416 
284.10 
290.887 
297.712 
34.757 
311.542 
319,026 


GIS MPa 


245 492 
255.097 
451,785 


I 


Шр К 


1.00523 
1.03052 
1.05513 
1.07914 
1.10261] 
1.12558 
1.14809 
1.17017 
1.19187 
1.21320 
1.23418 
1.25484 
1.27519 
1.29524 


0.98231 
1.00695 
1.089 


м 
m ikg 


0.143723 
0.155851 
0.162879 
0.169823 
0.176659 
0183515 
0.190284 
0.15971] 
0.203702 
0.210362 
0.216997 
0.223608 
0230200 


0.478344 
0.082128 
0.085832 


A 
ktika 
0,15 MPa 


238 078 
244.319 
250.63] 
287.42 
263.496 
270.057 
276.709 
283.452 
290,289 
297,220 
304.246 
311.368 
318.584 
0.30 MPa 


247.382 
254.104 
260.861 


5 
ала К 


0.98773 
1.01283 
1.03733 
1.06116 
RU 
10721 
1.12952 
1.15140 
1.17289 
1.19402 
1.21479 
1.23525 
125540 


0.96170 
0.98677 
1.01106 


— орь 


сонирирошім у ру puo arog 


Table A.3.2 Superheated Refrigerant-22 


Temp- V h 5 v й 5 y Я 5 
"С тр kJ/kg ithe K ny’ thy ЕНК Ки К ж /kg AS fke Ып K 
2.20 MPa O25 MPa 030 MPa 
20 0.136509 269.273 1.07763 0.108292 258,476 1.05421 0.089459 267.667 1.03468 
30 0,141681 215.992 1.10016 0.112508 775.267 1.07699 0,093051 274.531 1.05771 
40 0.146809 282 7% 1.12224 0.116681 282.132 1.09927 0.006558 281.460 1.08019 
50 0.151902 289.685 1.14390 0.120815 289.076 i.12109 0.100085 288.460 1.10220 
60 0.156963 256.661 1.16516 0.124918 296.102 1.14250 0.103550 205,535 1.12376 
№ 0.151997 303.731 1.18607 0.128093 303.212 1.16353 0.106986 302 689 1.1449] 
8D 0.167008 310.890 1.20663 0.133044 310.409 1.1420 0.1 10399 309,924 1.16560 
Hi 0.171990 318.139 1.22687 0.137074 317.692 1.20454 0.113790 317241 1.18612 
700 0.176972 325.480 1.24681 0.141080 325.063 1.22456 0.117164 324.643 1.20623 
110 0,181931 332.912 1.26646 0.145086 332,522 ].24428 0,120522 132.129 1.22603 
0.40 MPa 0.30 MPa 0.60 MPa 
0 0,060131 252,051 0.95359 = - — -- - — 
10 0.063060 250.003 0.97866 0.049355 257.108 0.95223 0.040180 255,109 0.92945 
M) 0.065915 266.010 1.00291 0.051751 264.295 097717 0.042280 262,517 0,95517 
30 0.065710 273.029 1.02646 0.054081 271.483 1.00128 0.044307 260 8R8 0,9 7089 
A 0.071455 280.092 1.04938 0.056358 278.600 1.02467 0.046276 277.250 1.00378 
4) 0.074150 287.209 1.07175 0.058590 295.930 1.04743 0.048198 254,622 1.2695 
бі) 0.076830 294 386 1.00362 0.060786 293.215 1.06963 0.050081 292.020 1.04956 
70 0.079470 301.630 1.11504 0.062951 300,552 1.00133 0.051931 299.456 1.07149 
80 0.082085 308,944 1.13605 0.065000 307.949 1.11257 0.054754 306.938 1.09298 
Un) 0.084679 316.332 1.15668 0.067206 315410 1.13340 (4055553 314,475 1.11403 
100 0.087254 323.796 1.17695 0.069303 372.939 1.15386 0.057332 322.07) 1.13466 
110 0.089813 331.339 1.19690 0.071384 330,539 1.17395 0.059094 329,731 1.15492 
ү, 0.092358 338,961 1.21654 0.073450 338213 1.19373 0.060842 332458 1.17482 
130 0.094890 546,664 1.23588 0.075503 345.963 1.21319 0.062576 345,255 1.19441 


searpaaqqy 


LFG 


ё = ы 


ZEERSRe ease 


У 


= 


¥ 
m 3 kg 


0,035487 
0.037305 
0.030159 


0.040763 
0.042424 
0.044052 
0.045550 
0.047224 
0.048778 
0.050313 
0.051834 
0.053341 
0.054816 
0.056321 


0.024500 
0.025995 
0.027323 
0.028401 
0.029836 
0,031038 
0.032213 
0.033364 


Р 
kJ/kg 


0.70 MPa 


260.667 
268.240 
275.769 


Ü 70 MPu 


283.282 
29.500 
298 339 
305.912 
313.527 
321.192 
328,514 
336.696 
344.541 
352.454 
3650.435 


1.00 MPa 


262912 
271.042 
279.046 
286573 
254,859 
392727 
310.599 
318488 


Table А,33 Vuprreared Refrigerant- 22 


J 
Еле K 


0.93565 
0.96105 
0.98540 


1.00910 
1.0320] 
1.0543] 
L.07606 
[.09732 
1.11815 
1.13856 
1.1586] 
1.17822 
1.19770 
1.21679 


0.91358 
0.93555 
0.96512 
0.98928 
1.01250 
1.03520 
1.03718 
1.07861 


¥ 
m? Же 


0.030366 
0.032034 
0.033632 


0035175 
0.036674 
0.038136 
0.039568 
0.040974 
0.042359 
0.043725 
0.04506 
0.046413 
0.047738 
0.049052 


0.020851 
0.022051 
0.02319] 
0.024232 
0.025336 
0.025359 
0.027357 


h 
КАК 


0.80 MPa 


258.737 
266.533 
274.243 


281.907 
489,553 
297,207 
304.868 
312.555 
320.303 
328.087 
335,925 
382] 
351.778 
359.799 


1.20 MPa 


267.602 
276.011 
284,263 
292.415 
300.508 
308.570 
316,623 


B 


k/Ag К 


91787 
(0.94402 


0.91411 
0.94055 
0.96570 
0.95981 
1.01305 
103556 
1.05744 


780 MPa 


0.038598 
0.039817 
0.041022 
0.042215 
0.043598 


0.017120 
0.018247 
0.015299 
0.020295 
0.021248 
0.02? 167 
0.023058 


h 
kJ/kg 


9.9 Pa 


254713 
264.7680 
272.670 


0,90 Mpa 


280,497 
289 278 
206 0d 2 
303.807 
311.590 
349-401 
327.251 
335,147 
343.094 
351.007 
359.159 


7.40 MPa 


263.861 
272/7065 
281.401 
289.858 
298.202 
306.473 
414.703 


5 


Шлр К 


0.90132 
0.92831 
0,95398 


097859 
1.00230 
1.02526 
1.04757 
1.06930 
1.00052 
1.11125 
1.13162 
1.15128 
1.17119 
1.19047 


EFG 


әтшгиброшағұ) paddy pup зит 


¥ 
туі 


0.011598 
0.012208 
0.012788 
0.013343 
0.013880 
0.014400 
0.014907 
0.015402 
0.013887 
0.016364 
0.016834 


0.005037 
0005804 
0.000405 
0.006924 
(407391 
0.007822 
0.008226 
0.008610 
0.008978 
0.009332 
0.009675 
0.010009 
0.010335 
0,010654 


n 
ЧҮГҮ 


2,50 MPa 


302.935 
312.261 
321.40) 
330.412 
339,336 
348.205 
357,040 
365,860 
374.679 
383.208 
392,354 


4.00 MPa 


265.629 
264.997 
293.745 
305.273 
316.080 
326.422 
336.446 
346.246 
355.685 
305.40 
274,553 
384.240 
393.593 
402.925 


$ 


АЕ К 


0.95939 
0.98405 
1.00760 
1.03023 
1.05210 
1.07331 
1.09395 
1.) 1408 
1.13376 
1.13303 
1.17192 


0.87544 
0.86721 
0.90094 
0.93064 
0.95778 
0.29312 
1.00710 
1.02999 
1.05109 
1.07324 
1.09386 
1.14393 
1.13347 
1.15239 


у 
nt ke 


0.005008 
0.006074 
0.010211 
0.010717 
0.011200 
0.01 #005 
0.012114 
0.012556 
0.012976 
0.013392 
0.013801 


h 
kJ/kg 


1.00 MPa 


296.663 
306,744 
316470 
324955 
333,270 
344.467 
353.584 
362.647 
371.679 
380.005 
389.708 


5,00 MPa 


253.042 
275.919 
291.362 
304.465 
316.379 
327.563 
338.266 
348,433 
358.70} 
368.713 
278,527 
388268 
397.932 


$ 


kJ/ke К 


0.92881 
0.95547 
0.98053 
1.00435 
1.02718 
1.04918 
1.03047 
1.09116 
1.11131 
1.13009 
1.15024 


v 
m dkg 


0,007257 
0.007829 
0.00846 
0.008825 
0.009276 
0.009704 
0.010114 
0.010510 
0.01 0894 
0.011268 
0.011634 


0.002432 
0.003233 
0.003890 
0.004345 
0.004728 
0.005071 
0.005384 
0.005680 
0.005958 
0.006222 
0.00477 
0.006722 


й 
АРКЕ 


3.50 MPa 


259.504 
390,540 
311.129 
321.196 
330.976 


387.004 


5.00 MPa 


243.278 
272 385 
290253 
204.757 
317,633 
329,553 
240,849 
251.715 
362.271 
372.602 
382.764 
392.801 


3 


ike К 


0.89872 
0.92818 
0.95520 
0.98037 
1.00445 
1.02736 
1.04940 
1.07071 
1.09138 
1.11151 
[1.13115 
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SS L Table А.4.2 Superksaied R-14a 


10 


БОБЫ 


= 


ЕЗЗЯНЕНЕНЫЕ С 


¥ 
тір 


0.19400 
0.15850 
0.20765 
021652 
0.12527 
0.23393 
0.24250 


0,090139 
0.007798 
0.101404 
0.194958 
0.108480 
0.111972 
0.115440 
0.1 18888 
0.122318 
0.125724 


й 
ASfkg 


0.10 MPa 


0. 


383.212 
387415 
395.27D 


399.370 
408.357 
417151 
425,997 
434,925 
443.953 
453.004 
462.359 
471.754 
481285 
490.955 
500.765 
50,720 


E 
ЫЛ К 


1.75058 
]. 705555 
1.79775 
| ROBES 
1.85780 
1.88689 
1.91545 
1.94355 
1.97123 
1.99853 
2.02547 
2.05208 
2.07837 
2.10437 


1.79284 
1.77340 
1.80492 
|, 8460 
1.86357 
1.89195 
1.91980 
1.94720 
1.97419 
2.00080 
2.02707 
2.05 2 
2.07866 


¥ 


nr'/kg 


0.071110 
0.074415 
0.077620 
0.080748 
0.083816 
0.085538 
0.099521 
0,002774 
0.005702 
0.098609 
0.101498 
0.104371 


h 
kJ/kg 


0.15 MPa 


393.839 
472.187 
410.602 
419.111 
427.730 
436.473 
445.350 
454.358 
413.525 
472.83] 
182.285 
49) BRR 


‚10 MPa 


47.171 
418124 
425.096 
434.124 
343.234 
352.442 
361.763 
471.206 
480.777 
490.482 
51324 
510.304 


E 


Кр К 


v 


m /kg 


0.10033 
0.10501 
0.10074 
0.11436 
0.11889 
0.12335 
0.12776 
0.13213 
0.13646 
0.14076 
0.14504 
0.14930 


0.051681 
0.054362 
1,056926 
0.059402 
0.061812 
0,064169 
0.066484 
0.068767 
0.071022 
0.073254 
0.075468 
0.077665 


h 
ASAP 


9.20 MPa 


392.338 
400.911] 
409.500 
418.145 
825,875 
435.708 
444,558 
453.735 
467,946 
472.2% 
481.788 
491.424 


0.40 MPa 


404.651 


5 
kg К 


1,73276 
1.76474 
1.79562 
1,82563 
1.8549] 
| BAIS? 
1.91171 
1.93937 
1.9666 | 
1.90344 
2.01997 
2.04614 


sorpusddy 


£76 


“4 
а т 
94 


ЗЕЕ 


v 


m`/kg 


0.042256 
0.044457 
0.046557 
0.048581 
0.050547 
0.052467 
0.054351 
0.056205 
0.053035 
0.059845 
0.061639 
(0.063418 
0.065184 


0.027113 
0.028611 
0.030024 
0.031375 
0.032679 
0.033944 
0.035180 
0.036392 
01037584 
0.035760 
0.039921 
0.041071 


й 
kJ/kg 


9.50 MPa 


411.645 
421.221 
4X2) 720 
440.205 
449.718 
459.290 
468.942 
478.690 
485,540 
498.518 
508.613 
518,835 
529.187 


#90 MPa 


424.850 
435,114 
445,223 
455,270 
455.08 
475.375 
485.499 
495.698 
505,988 
516.379 
526.880 
537.496 


s 


Ag K 


1.73420 
1.70632 
1.79715 
1.82696 
1.85596 
[.ЁВА26 
1.91199 
1.9392] 
1.95598 
1.99235 
2.01836 
2.04403 
2.00940 


1.74457 


1.77680 ° 


| ROG! 
1.83732 
1.86515 
1.65427 
1.92177 
1.54674 
1,97525 
2.00135 
2.02708 
2.05247 


Ұ 


т?с 


0.036094 
0.037958 
0.039735 
0.041447 
0.143108 
0.044730 
0.046319 
0.047883 
0.040426 
0.050951 
0.052451 
0.053958 


0.023446 
0.024853 
0.026192 
0.027447 
0.023649 
0.029810 
0.03040 
0.032043 
0.033126 
0.034190 
0.035241 
0.036278 


h 
kJ/kg 


0,60 MPa 


419.093 
428.881 
438.589 
448.779 
457.954 
467.764 
471.611 
487.550 
497594 
507.750 
518.026 
528.425 


0.90 МРа 


# 


Like K 


1.79431 
1.82459 
1.85387 
1.88232 
|91010 
1.93730 
1.96399 
1.99025 
20161 
2.04161 


у 
m'/kg 


0.030069 
(0.031781 
1033392 
0.01929 
0.036410 
0.037848 
0.039251 
0.040627 
0.041980 
0.043314 
0.044633 
0.045838 


0.020473 
0.021849 
0.023110 
0.024293 
0.025417 
0.026497 
0.027543 
0.028561 
0.029556 
0.030533 
0.031495 
0.032444 


А 
kJ/kg 


0.70 MPa 


416.809 
436.933 
436,895 
446. 782 
456.655 
155.554 
476.507 
485,535 
406.654 
506.875 
517.207 
527.650 


LOO MPa 


420.249 
431243 
441.390 
452.345 
462.703 
473.047 
483.361 
493.736 
504.175 
514.694 
525.305 
536.017 


ғ 
kg К 


1.72770 
1.76056 
1.79187 
1.82201 
1.85121 
1.87964 
1.90743 
1,9467 
1.06143 
1.9877? 
2.01372 
2.03932 


1.71479 
1.74936 
1.78181 
1.81273 
1.94248 
1.87131 
1.89938 
1.92682 
1.95371 
1.9843 
200613 
2.03173 


FSG 
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Temp. v h 5 v h 5 у h 5 

ec тіле ЫЛ АЛЕ K mi ‘kg LJ/kg АЛ К т kJ/kg ig K 
3,0 MPa 3.50 MPa 4.0 MPa 

90 0.005755 436.193 1.69950 — — — m um — 

100 0.006653 453,731 1.74717 0.004839 440.433 170385 — — — 
110 0.007339 468.500 1.78623 0.005667 459 211 1.75355 0.004277 445.844 1.71480 
120 0,007924 482.043 1.82113 0.006289 474,697 1.79345 0.005005 465.987 1.76415 
130 0.008446 494 915 1.85347 0.006813 488.771 i 82881 0.005559 481.865 1.80404 
140 0.008926 407.388 1.88403 0.007279 502,079 1.86142 0.005027 496.295 1.83940 
150 0.009375 519.618 1.91328 0.007706 514.928 1.89216 0.006444 509.925 1.87200 
160 9.009801 531.704 1.94151 0.008103 527,496 1.92151 0.006825 523.072 1.90271 
170 0.010208 543.713 1.96892 0.008480 539 890 1.94980 0.007181 535.917 193203 
180 0.010601 555.690 1.99555 0.008839 552.185 1.97724 0,007517 548.573 1.96028 
199 0.010982 567,670 2.02180 0.009185 564.430 200397 0.007837 561.617 1.98766 
200 0.011353 579.678 204745 0.009519 576.665 2.03010 0.008145 573.601 2.01432 
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Table А.5 


Turmodynamic Properties of Ammonia 
Table A.5.1 Saturated Ammonia Table 
Specific volume im Ag) Enthalpy ПЕ) Eniropy (ikg А) 
Г р sat, Sar. Sat. Sat, Sal. Sat, 
(^C) (kPa) liquid vapour, liquid, Evap.. vapour, паша, vapour 
vt vg hi hig Ag st sg 
— 50 d. RR 0.001424 2.6254 — 44,3 1416.7 1372.4 -0,1942 61561 
48 45,99 0,001429 23533 — 35.5 [411.3 1375.8 -0.1547 6.1149 
- 46 51.55 0.001434 2114) - 26.6 1405,8 1379,2 -0.1156 60746 
-44 57,9 0.001439 1.8032 - 17.8 1400.3 1382.5 - 0.0768 6.0352 
-42 64.42 0.001444 1.7170 -8,9 1394.7 1385.8 - 0.0382 5,0067 
— 40 71.77 0.001449 1,5521 0.0 [389.0 1389.0 0.0000 5.9589 
– 38 7.80 0.001454 1.4058 8,9 [383.3 1392.2 0.0380 5.9220 
- 36 88.54 0.001460 1.2757 17.8 1377.6 1395,4 0.0757 4 8858 
-34 98.05 0.001465 1.1597 26.8 1371,8 1398.5 ӨЛІЗ2 5.8504 
-32 106 27 0.001470 1.0562 35.7 1365.9 1401,6 0.1504 5,8156 
– 30 11955 0.001476 0.9635 447 [350.0 1404.6 0.1873 57815 
— 28 131.64 0.001481 0.8805 516 1354.0 1407,6 0.224) 5,7481 
-26 144.70 0.001487 1,8059 626 1347,9 1410.5 0.2605 5,7183 
— 24 158,78 0.001492 0.7386 71.6 1341.8 1413.4 ( 2067 5.6831 
– 22 173,93 0.001498 0.6783 507 [335.6 [316.2 0.3327 $.6515 
— 20 19022 0.001508 0,6237 89.7 [329.3 1419.0 0.3684 5.6205 
~ [8 207.71 0.001510 0.5743 В.В 1322.9 1421.7 0,4040 5.5900 
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296 


Abs. Press. 
(kPa) 


(Sat, temp., °С) 


50 
(— 46,54) 


75 
(~39.18) 


100 
(- 33.01) 


125 
(- 29.08) 


150 
(-25.23) 


200 
(- 18.86) 


250 
(— 13.67) 


300 
(-9.23) 
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Table A.5.2  Superheaird Ammonia Table 


Temperature. (C) 


28470 
1520,4 
6.6360 


15189 
6.4339 
1.4150 
15173 


1515.7 
6.1763 
6.9388 
1514.1 
6.0831 
0.7001 
1510.9 
5.9342 
0.5568 
1907.6 
5.8165 
0.4613 
1204.2 
5.7186 
0.3929 


3.1441 
1584,5 
20933 
1583.4 


1.5664 


15822 
8.5003 


1581.1 
6,3887 
1.0405 
1580.0 
6.2970 
0,7774 
1577.7 
6,1512 
0.6196 
{5754 
6.0368 
DALES 
1573.0 
5542 
0.4391 


LOG 


pnursípouuam; paddy pup тд 


500 
(4.14) 


60 
(9.29) 


700 
(13.81) 


300 
(7.86) 


900 
(21.54) 


tQ Py A ты cm 


mm ox ің ешо 


= м моста 


Temperature (^C) 


0,2589 
1316.4 
6.1202 
0.2294 
1814.4 
6.0594 
0.2058 


1685.2 
6.1910 
0.4478 
1683.7 
6.1228 
0,3971 
1682.2 


0.2162 
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Alanis and Applied Thermodpaamics 


Carbon Carbon Hydrogen, Н, Temp. 
diaxide, CO, monaride, CO K 


0791 0.502 1314 1039 0743 1400 14051 9927 1416 
0.846 8857 1.288 І(М0 0.744 1.390 14.307 10183 1405 
1.268 1043 0746 1.398 14427 103502 1.400 3 
]252 1.047 0751 1,95 14476 10352 1,398 
1.238. 1054 0.757 1392 14.501 10377 1.398 4 
1.229 1.063 0767 1.387 14513 10389 1397 
; 1.220 1.075 0778 1382 19530 10405 13% 55 
1.075 03896 1.213 ІШУ 07790 1476 14546 10402 1396 
1.102 Ф915 1207 1.100 0.303 1.370 14.571 10447 1.395 
1.126 403537 1202 1.113 0816 1.364 14.604 10480 1.394 
1.197 1125 0529 1.358 14645 10521 1.392 

1.169 0.580 1193 1.139 0.842 1.353 14695 10570 1.390 

1.204 1.015 1.186 1163 0.866 1.43 14822 10698 1385 

1000 1234 1045 1.181 1185 0.888 1335 14.983 10859 1.330 1000 
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Source: Adapted from К. Wark, Thermodynamics, 4th ed, McGraw-Hill. New York, 
1983, as based on "Tables of Thermal Properties of Gases," NBS Circular 564, 1955. 


Appendices -= 967 


Carbon Diaxide (СОН Carbon Monoxide (СО) 
Jog, = — 393522 Кто! (8), = - 110529 Кто! 


M = 44,0] M = 28.01 
Temp. — (h" а) 5" (5° — hing} 5” 
K Кыйноо! Ато! K АЕ алтын А 
0 - 9264 0 — 8669 9 
100 - 6456 179,109 -5770 165.850 
йй — 3414 199,975 — 2858 185.025 
29% 9 213,795 9 197.653 
300 67 214.025 54 197 833 
40) 4008 225.234 2975 206.234 
500 8214 234.924 5929 212.828 
9) 12916 243.109 89-1 218.313 
n 17768 250.773 1202] 223.062 
ВОО 32815 251.517 15175 22H 
QUO 2804 | 263.668 18397 231.006 
1000 33405 260.325 21684 234.531 
1100 38304 274.555 25953 237.719 
1200 44484 279.417 28426 240.673 
1300 50158 283.956 31865 243,426 
1400 55907 284216 35338 245.999 
1500 61714 192,23] 34848 248.421 
1600 67580 Zn l0 42464 250.702 
1700 73492 799.592 45047 252.861 
100 79442 302 993 49522 254 907 
1900 85429 306.237 53124 256.852 
2000 9145) 309.320 88719 258.710 
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Fig. В.Э  p-h diagram for refrigerant R- 134a 


Index 


Absolute entropy, 183, 664 Atmospheric air, 617 
Absolute temperature scale, 131 Available energy, 214, 218 
Absolute Zero, 133, 135, 808, 866 Availability, 230 
Absorbents 592, $93 Non-flow process, 231 
Absorption refrigeration cycle, 291 Steady flow process, 240 
Absomptivity, 149 Chemical reactions, 232 
Action integral, 773 Availability function, 226 
Activity, 657 Avogaoro’s law, 328 
Adiabatic compressibility, 402 Avogadro's number 33] 
Adiabatic demagnetisation, 429 
Adiabatic cooling, 621 Back pressure turbine, 487 
Adiabatic dissipation of work Barometer, 11 
Adiabatic evaporative cooling, 425 Beattic-Bridgemann equation, 359, 364 
Adiabatic flame temperature, 663 Benediat-Webb-Ruben equation, 35%, 
Adiabatic process, 51, 336 164 
Adiabatic saturation temperature, 620 — Bemoulli equation, 9] 
Adiabatic wall, 31 Berthelot equation, 349 
Adiabatic work, 179 Binary vapour cycles, 483 
Affinity, 655 Biot number, 735 
Afterburner, 549 Black body radiation, 750 
Air cycle refrigeration, 596 Behr-Sommerfeld rule, 773 
Aircraft cabin cooling, 498 Boiler efficiency, 421 
Air craft propulsion, 548 Bolizmann constant, 183, 332 
Air standard cycles, 524 Bose-Einstein statistics, 792 
Air water vapour mixtures, 617 Bose-Einstein distribution 
Analyzer, 592 | function, 193 
Anergy, 216 Bottoming cycle 485, 486 
Apparatus dew poini, 624 Boyle temperature, 158 
Approach, 4830 Brake efficiency, 451 
Aqua-ammonia refrigeration Brake power, 44 

system, 59] Brayton cycle, 235 


Марпа 


978—— 


Brayton-Rankine cycle, 551 
Buoyancy force, 741 
Bypass ratio, 550 
Byproduct power, 487 


Caloric theory of heat, 65 
Calorimeter, 298 
throttling, 298 
separating and throttling, 300 
electrical, 301 
Caratheodory principle, 158 
Camotcycle, 120, 521 
Camot efficiency, 126, 135 
Camot refrigerator, 479 
Carnot's theorem, 129 
Cascade refrigeration cycle, 590 
Causes of irreversibility, 121 
Celsius temperature scale, 30 
Characteristic gas constant, 111 
Chemical dehurnidification, 628 
Chemical equilibrium, 5 
Chemical exergy, 667 
Chemical irreversibility, 118 
Chemical potential, 419 
Choking in nozzles, 703, 784 
Claude liquefaction cycle, 600 
Clausius equation of state, 868 
Clausius inequality, 159 
Clausius' statement of second 
law. Lif 
Clausius' theorem, 153 
Clausius-Clapeyron euqtion, 409 
Clearance, 347 
volume, 347 
Closed system, 2 
Coefficient of diffusion, 905 
Coefficient of performance, 118 
Cogeneration plant, АВЕ 
Collision frequency, 897 
Collision cross section, 897 
Combined convection and 
radiation, 756 
Combustion, 659 
Compressed liquid region, 26| 
Compressible fluid, 696 
Compressibility chart, 355, 356 
Compressibility factor, 352 
Compression ignition engine, 528 


Index 


Compression ratio, 


Compressor, 343 


Condenser, 457 


Conditions of equilibrium, 


527 


Conditions of stability, 427 
Conduction, 727 


Configuration factor, 
Continuity equation, 


Contro! surface, 
Control volume, 


Convection, 737 
forced, 739, free, 


Cooling and dehumidification, 


750 
B4 
3 
2 
741 


Cooling tower, 629 


Continuum, 7 


Corresponding states, law of, 351, 127 


Counterflow heat exchanger, 


Coupled cycles, 
Co-volume, 149 


Criterion of stability, 


Critical pressure, 


456 


282 


Critical pressure ratio, 
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Dimensional analysis, 739, 141 
Dimensional velocity, 704. 
Directional law, 182 
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Displacement work, 29 
Dissipation, 234 

Dissipative effects, 123 
Distribution of free paths, КЕ 
Dittus-Boelter equation, 739 
Dryair, 517 

bulb temperature, 619 
Dry compression, 580 

Dry ice, 600 

Dryness fraction, 29 

Dual cycle, 530 

Dufour effect, 820 
Dulong-Petit law, 885 


Effectiveness, 538, 747 
Effectiveness-NTU method, 746 
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boiler, 491 

brake, 491 
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compressor, 229 
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generator, 491 

internal, 490 

isentropic, 464 

isothermal, 346 

mechanical, 491 

overall, 492 

propulsive, 549 

pump, 404 

second law, 240 

turbine, 464, 539 

volumetric, 346, 585 
Einstein temperature, 818 
Electrical calorimeter, 30] 
Electrical conductivity, 908 
Electrical resistance thermometer, 
Electrical work, 44 
Electron gas, 806 
Emissivity, 755 
Endothermic reaction, 650 
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Energy distribution function, 880 
Energy equation, 402 
Energy interaction, 17 
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Energy reservoirs, 114 
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transfer, 17] 
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Equilibrium constant, 648 
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Ericsson cycle, 523 
Error function, 879 
Euler equation, 91 
Evaporative cooling, 628 
Evaporator, 385 
Exact differential, 396 
Exergy, 220 
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cycles, 479 
Exergy balance, 237 
Exothermic reaction, 650 
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Expectation energy, 187 
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Maxwell-Boltzmann statistics, 788 throat, 700 
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Maxwell-Boltzmann velocity 
distribution, 870 Ohm;s Law, 837 
Mean effective pressure, 43 One dimensional flow, 700 
Mean free path, 897 Onsager equations, 828 
Mean temperature of heat Onsager reciprocal relation, 829 
addition, 465 Optimum regeneration, 479 
Mechanical efficiency, 491 - Оно cycle, 524 
Mechanical energy reservoir, 114 Overall efficiency of plant, 492 | 
Mechanical equilibrium, 4 Overall heat transfer coefficient, 737 
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of the second kind, 116 Psychrometric processes, 623 
Perpetual motion of the third kind, 123 Pure substance, 7, 279 
Phase change of the first order, 409 


Phase equilibrium, 422 Quality, 291 
Phase equilibrium diagrams, 283, 288, . measurement, 295 
290 Quality of energy, 219 
Phase rule, 422 Quantum hypothesis, 772 
Phase space, 780 Quantum number, 182 
Phenomenological laws, 829 Quantum state, 7/4 
Photon pas statistics, 804 Quasi-slatic process, ï 
Planck's canstant, 772 2 
Planck's law, 750,806 Radiotion, 726 
Point function, 40 Radiation pressure, 404 
Polytropic process, 339 Radiosity, 751 
Polytropic specific heat, 142 Ramjet engine, 251 
Postulatory thermodynamics, 190 Range, 63] 
Power, 13 Rankine cycle, 439 
brake, 44 with regeneration, 472 
indicated, 44 with reheat, 268 
Prandtl number, 739,742 ` Rayleigh line, 710 
Pressure, 9 Reaction equilibrium, 647 
absolute, 10 Reactive systems, 644 
measurement, 11 Reciprocal relation, 586 
partial, 359 | Reciprocity theorem, 151 
reduced, 354 Rectifier, 592 
stagnation, 098 Redlich-Kwong equation of state, 349 
Pressure ratio, 343, 536, 540 Reduced properties, 352 
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Principle of increase of entropy, 183 scale, 24, 32 
Principle of equipartition of Reflectivity, 749 
energy, 802 Refrigeration, 578 
Principle of minimum prejudice, 186 Refrigeration cycles, 3 
Principle of superposition, §30 absorption, 591 
Probability function, 751 gas cycle, 506 
Probability, law of 797 vapour compression, 580 
Probability, thermodynamic, 183, 788 Refrigerants, 586 
Process, 3 Refrigerating effect, 58) 
imeversible, 121 " Refrigerator, 116 
isentropic, 174, 336 Regenerative cycle, 472 
issothermal, 339 Regenerator, 537 
quasi-static, 5 effectiveness, 538 
reversible, 120 Reheat cycle, 465 
Process heat, 487 Reheat regenerative cycle, 476 
Property, 3 Reheating, 543 
Propulsive efficiency, 449 Relative humidity, 618 ' 
Propulsive power, 548 Resistance concept, 725 
Psychrometer, 620 Reversed Brayton cycle, 194 
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conditions 124 changes of, 3 
Reversible process, 120 Statistical formalism, 186 
Reversible work, 167,272 Statistics of electron gas, 806 
Reynolds number, 738, 742 Statistics of photon gas, 804 

Steady flow process, 82 

Saha’s equation, 652 Steady flow energy ¢quation, 85 
Saha-Bose equation, 149 Steady state, &2 
Sackur-Tetrode equation of state, 802 Steam point, 24 
Saturated air, 617 Steam power plant, 459 / 
Saturated solid, 280 Steam rule, 46] 
Saturated state, 280 Steam tables, 293 
Saturated vapour, 280 Stefan-Boltzmann law, 750, 806 
Saturation dome, 289 Stirling cycle, 522 
Saturation pressure, 283 Stirling’s approximation, 790 
Saturation temperature, 284 Stirring work, 45 
Schrodinger wave equation, 780 Stoichiometric аш, 659 
Second law efficiency, 240 Stoichiometric coefficients, 644 
Second law inequality, 159 Stored energy, 463, 47 
Second law of thermodynamics, 115 Space resistance, 754 
Seeback effect, 839 Steamline, 738 
Sensible heating or cooling, 623 Strength of shock, 714 
Separating and throttling Sub cooling, 584 

calorimeter, 100 Sublimation, curve, 412 
Shafl power, 44 Subsonic flow, 70] 
Shafi work, 45 Suction line heat exchanger, 585 
Shannon's formala, 185 Superheat, 584 
Sink, 114 Supersonic flow, 701 
SI unit system, 8 Supplementary firing, 153 
Solid ice, 600 Surface resistance, 751 
Sonic velocity, 697 Surroundings, 2 
Soret effect, 829 System, 2 
Source, 114 closede, 2 
Spark ignition engine, 525 isolated, 2 


Specific heats, 69 open, 2 

of gases, 332 

at constant pressure, 70 TdS equations, 399 

at constant volume, 49 Terminal temperanure difference, 478 

polytropic, 342 Temperature, 24 

of solids, 816, 884 absolute, 135, йай 
Specific humidity 618 adiabatic saturation, 620 
Specific volume, 12 Celsius, 10 

ofmixture, 361 critical, 282, 702 
Stability, conditions of, 425 dew point, 618 
Stable equilibrium, 424 dry bulb, 61% 
Stagnation pressure, 098 ideat gar, 20 
Stagnation properties, 698 Kelvin, 133 
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measurement, 24, 28, 30, 31 
reduced, 352 


Therma! conductivity, 904, 727 
Thermal stability, 428 
Thermal equilibrium, 5 
Thermodynamic scale, 131 
Thermomechanical effect, 
phenomena, #46 
Thermometers, 25 
Thermometric 
propery, 24 
Thermomotecular pressure 
difference, 848 
Third law of thermodynamics, 
Thomson effect, 843 
Thomson coefficient, 844 
Thomson relations, 845 
Throttling calorimeter, 298, 300, 301 
Tonne of refrigeration, 483 
Topping cycle, 485, 486 
Torque, 44 
Transmissivity, 249 
Transport properties, 90| 
Triple point, 26, 282 
Trouton's rule, 41! 
Turbofan engine, 550 
Turboprop engine, 551 
Turbuleut flow, 218 
Unavailable energy, 
Uncerainty, 183 
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Universal gas constant, 
Universe, 163 
Unsaturated air, 617 
Unstable equilibrium, 425 
Useful work, 227 
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Vacuum, 10 
Van der Waals equation, 
Van't Hoff equation (49 
Vaporizalion curve, 285, 41? 
Vapour compression cycle, 550 
Vapour power cycle, 457 
Vapour pressure, 283,411 
Variable Now process, 91 
View factor, 750 
Virial coefficients, 
Virial expansion, 
Viscosity, 738 
Volume, critical, 
reduced, 352 
specific, 12 
Volume expansivity, 400 
Volumetric efficiency, — 146, 585 
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Wave-particle duality, 775 
Wet bulb temperature, 819 
Wet compression, 580 
Work transfer, 27 
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This text is the only book to present the Macroscopic [Classical] and 
Micrescopic [Statistical] Thermodynamics in a single volume. The first 
eleven chapters contribute to the basic theories of Thermodynamics 
beginning with the first chapter on Introduction that provides a historical 
background of the subject. The next seven chapters provide applications of 
these theories, The Microscopic concepts of thermodynamics are furnished 
in the last four chapters. 


э Both Minoo and Macreoscopic approaches presenmed to Escllirate 
Gear urwkerstanding of the thermodynamic concepts, progirtikes and processes, 


Б Duling of information Theory as applied to thermodynamics presented 
In Ше chapter on Entropy. 


з Special treatise on the Third Law of Thermodynamics. 

о Coverage of торі on exergy balance, chemical exergy and fuel cells 

в Enhanced response to рез retrigeration cycle апару and bear transfer concepts 
is included. 

D lnfonmation on rurboge and turboprop emgines under the coverage on Jet 
Propulsion, 


о Up-to-date property tables and charts including those of non-CFC refrigerants 
prowitied as appendices. 
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